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Mechanistic and structural studies on bond making and bond breaking processes on 
triosmium clusters (pp 155)
Director: Edward Rosenberg __
The previously reported tautomeric complexes 0%(C0)q(p-H)2(p3-T)2-Q  HyN) 
(3 and 4) and related tautomeric complexes OsjCCO^p-H^Cpj-rp-QHqN) (6 and 7), whose 
structures differ by having a g-alkylidene-imino bonding mode (3) vs a ji-amido-aryl bonding 
mode(4) were protonated with CF3S03H or CF3C02H. Reaction o f 3 and 6 with H+ reveals 
reversible protonation at the nitrogen of the coordinated indoline or tetrahydroquinoline 
Protonation o f 7 on the other hand takes place at the metal core but 7H+ gradually rearranges 
to 6H+ which yields 6 on deprotonation. Thermolysis o f  7 yields the dehydrogenation 
product Os3(CO)l0(p-H)(g-ri2-G,HgN) (18). Deuterium labeling on the reaction o f 18 with 
D'/H* revealed that initial attack occurs at the C(2) position and is followed by protonation 
at the metal core to give compound 6. The high pressure hydrogenation o f6 and 7 showed 
that the dehydrogenation is an accessible pathway forthese clusters even at pressures o f 1100 
psi H2. In addition compound 6 was shown to be more resistant to dehydrogenation than 7.
The decarbonylation o f the previously reported complex O%(CO),0(|i-ti2- 
C9H7RR'N)(|i-H)(R=R-H, 9a; R=4-CH3, R'=H, 9b; R=H, R'=6-CH3 9c) gave the unique 
electron deficient complexes Os3(CO)9(p3-Ti2-G)H7RR')(g-H)(R=R-H, 15a; R=4-CI^, R -H , 
15b; R=H, R - 6-CH3 15c). The decarbonylation is reversible in the presence o f CO. 15b also 
reacts with POEt3 to give Os3(CO)9(POEt3)(p.-r|2-QHr(4-Me)N)(p-H). The reaction o f 15a- 
15c with X'/X* (X=H or D) revealed that initial attack o f H' is at the 5-position o f the 
quinoline ring and that the reduction o f the 5,-6-double bond to yield Os,(CO)9(|i3-ti2- 
CPH6RR')(|i-H) (24a-24c) is not stereoselective. Related experiments with 24a-24c reveal 
that hydride attack at the 7-position is followed by protonation at the metal core to yield 
Os3(CO)q(g3-q2-C9H4RR,)(g-H)2 (25a-25c). There is no scrambling of label between the 
quinoline ring and protons on the metal core. Conversion of24a to 25a is also realized by 
reaction with H, at 75°C and 100 psi. When this reaction is carried out with excess D,, 
deuterium incorporation is observed at C(7) and at the metal core suggesting a concerted 
irreversible hydrogen addition or a radical chain reaction. The selective ljCO incorporation 
into 15, the dynamical behavior o f 24b, and the solid state structures o f 4, 6, 1 8 ,15b, 20b. 
24a and 25b are reported.
The absolute rate constants for hydrogen abstraction from Os3(p-H)2(CO)QPPh3, 
Os3(|i-H)(H)(CO),0PPh3, and 15b were determined by competition o f the abstraction 
reaction o f benzyl radical, produced by the photolysis o f  dibenzylketone, with self 
termination using rate constents o f Fischer et. al. in benzene.
n
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Chapter 1
Introduction
This thesis contains two distinctly different topics. Chapters 2, 3, and 4 contain a 
study o f the molecular transformations that nitrogen containing aromatic heterocycles can 
undergo as ligands on triosmium clusters. This study is directly related to the industrial, 
heterogeneously catalyzed hydrodenitrification process. Chapter 5 contains a study o f 
hydrogen atom abstraction from triosmium clusters by organic radicals. This study relates 
to the general subject area of modeling heterogeneous hydrogenation catalysts with metal 
clusters in that it tries to define the efficacy of radical processes for low valent, late transition 
metal hydrides. The introduction and background information will be handled separately.
l . l  General Background Information on Hydrodenitrification
The development o f more efficient catalysts for the hydrodenitrification (HDN) of
aromatic amines found in petroleum, coal and shale oil continues to be an important
challenge to present and future energy industries around the world. The HDN process occurs
in industry' over a wide variety o f heterogeneous catalysts under strongly reducing conditions
(35-200 bar H, and 300-450 “C).1-2-3 Although the HDN process is chemically efficient, the
energy requirements for this large scale application are considerable. Coal and shale oils can
1
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contain up to 20% nitrogenous compounds and 30% o f the cost o f producing synthetic fuel 
from those sources is vested in the HDN process. The primary motivation for the removal 
o f nitrogen is that nitrogen heterocycles, such as quinoline, are often strong bases and are 
thought to occupy acidic sights on the catalyst involved in the hydrodesulfurization process, 
in addition, nitrogen heterocycles poison the heterogeneous catalyst involved with the 
secondary petroleum refinement process, hydrocracking.3 The heterocycles must also be 
removed to reduce the emission of nitrogen oxides and sulfur dioxide.
Recent studies have shown that the first step in the HDN o f polycyclic aromatic 
amines is the reduction of the heterocyclic ring followed by the cleavage o f the C-N single 
bond with the latter being the slowest step in the process3-4 The addition o f protic acids to 
most o f the industrial HDN catalysts has been shown to dramatically increase the 
effectiveness o f those catalysts. This has prompted the proposal that the C-N bond cleavage 
step involves amine protonation, followed by a surface base assisted E2 elimination.5 
Furthermore, a beneficial effect on the rate o f  HDN is observed with the addition o f  H2S to 
the reaction mixture. This suggests that an SN2 mechanism is operative whereby the SH' 
directly displaces the protonated amine to give a thiol which then rapidly undergoes 
hydrodesulfurization (HDS).6 These mechanistic proposals have been used to explain the 
product distribution of hydrocarbons obtained from the industrial HDN catalyst systems.7
Progress towards finding milder reaction conditions for the heterogenous HDN 
catalysts has been significant. The N i02. Al20 3 heterogeneous HDN catalyst has been shown 
to be moderately effective at an H2 pressure o f  I atm and 250 °C.4 This catalyst, however
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3
did not show a significant increase in reactivity with the addition o f sulfur compounds and 
these sulfur compounds were subsequently shown to irreversibly poison this catalyst. This 
points to a need for a more fundamental understanding o f the catalytic mechanism to direct 
further improvements in the heterogenous catalytic system.
1.2 Homogeneous Catalysis
Metal cluster complexes have proven to be valuable model systems for uncovering 
the stepwise processes presumed to be involved in a variety o f heterogeneous catalytic 
systems and for suggesting the structures of catalytic intermediates.8 One o f the most 
successful examples o f this is the elucidation of the stepwise processes involved in C -0 bond 
cleavage in metal-catalyzed carbon monoxide chemistry. The hydrogenation o f the C-O 
bond is o f enormous importance in the chemical industry, and is characterized by three 
reactions: the methanol synthesis reaction (Equation l .l) , the methanation reaction 
(Equation 1.2), and the Fischer - Tropsch reaction (Equation 1.3).8-9
Equations 1.1-1.3
CO + 2H2 ----- ► CH3OH (1)
CO + 3H2 ------► CH4  +  H20  (2)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4
Ho
CO — =► CaHb + CcHd(OH)e + CfHBCHO + ChHiCOOH (3)
For each o f these reactions, potential catalytic intermediates, containing partially 
activated hydrocarbonyl ligands, have been isolated through the use of homogeneous 
modeling, at temperatures lower than those of the for the function o f the heterogeneous 
catalyst. This has provided great insight into the mechanism through which the industrial 
heterogeneous catalyst functions.9
Homogeneous modeling of HDN has resulted in an increased understanding o f the 
potential pathways for the removal o f nitrogen from a variety o f heterocycles. Over a decade 
ago chlorotris(triphenylphosphine) rhodium(I) and other mononuclear catalysts were shown 
to selectively reduce the heterocyclic ring of quinoline at 25-100 °C and 1-10 atm.10 
Unfortunately, these mononuclear catalysts are not effective for C-N bond cleavage. On the 
other hand, stoichiometric ambient temperature C-N bond cleavage has been achieved by 
hydride reduction o f 2.4.6-tri-/-butylpyridine as a ligand on a electrophilic mononuclear 
tantalum complex (Equation 1.4)."
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Equation 1.4
THF -40°C
LiBEt3H
This complex when bound to quinoline is unable to activate the C-N double bond towards 
reduction or bond cleavage. This may point to a requirement o f multiple metal involvement 
during the HDN of nitrogen containing heterocycles, such as quinoline, indole, 
tetrahydroquinoline and indoline.
1.2.1 Reactions of Os3(CO)I2 and Ru3(CO)I2 with Amines.
Doping heterogeneous HDN catalysts with Ru3(CO)l2 has been shown to improve 
their performance for quinoline HDN.1'  In addition several groups have demonstrated that 
Ru3(CO)|2, Os3(CO)i2 and their derivatives can be effective transalkylation catalysts for 
tertiary amines at temperatures o f 125-150 °C.13 The transalkylation (NR3 + NR3* -> R; R*N 
+ R2*RN) mechanism has been studied in some detail and is best understood as C-H bond 
cleavage to form an amine stabilized carbenoid intermediate bound to one metal atom prior 
to coordination o f a second tertiary amine and metathesis.14 These initial reactivity studies 
prompted the examination o f  a wide variety of amines for reactivity towards C-N bond
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cleavage as ligands on triosmium and triruthenium clusters.
Aliphatic amines such as triethylamine were shown to undergo C-N bond cleavage 
reactions and alkyl coupling reactions with triruthenium clusters at more modest 
temperatures (25-80 °C) than those o f the transalkylation reactions and isolated products 
showed that nitrogen coordination was occurring (Equation 1.5) .15
Equation 1.5
In the reactions of tertiary amines with Os3(CO)l0(CH3CN)2 or Os3(CO )12, C-N bond 
cleavage was not observed and the isolated products o f this reaction showed that only the a- 
and P- carbon hydrogen bond activation was occurring (Equations 1.6 and 1.7) .16
Equation 1.6
Et
80°C
Ru
Et
H //
I - r
N - E t
OS3(CO)10(CH3CN)2 +  (CH3CH2)3N
H
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Equation 1.7
O s . i ( C O  ) i 0( C H 3C N  ): *  N - m  e t h y  I p v r r o l i d i n e
Hi
O s  ' - O s  —O s — - O s '
/  ' H ' / \  / [ ' H 7 \
The reaction of the lightly stabilized cluster, Os3(CO)|0(CH3CN)2, with secondary amines 
does result in C-N bond cleavage at room temperature and appears to involve a binuclear 
reaction pathway.17,18 Deuterium labeling studies have elucidated the mechanism o f this 
room temperature process (Scheme 1.1).19
Scheme 1.1
CH;,
C C H j C H ,  *  H
O s 3( C O ) i o ( C H 3C N )2 + ( C H 3C H 2)2NH
P - C - H  ac t iva t ion  
e x c h a n g e  o f  hy dr i de  
, wi th  e xces s  am ine
a - C - H  act ivat ion
N H 2R + n r 2h
R
I
N — RH H H R RA -  * \  X
p - C-H  act iva tion
H
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The cleavage o f tertiary amines with Ru3(CO)12 appears to be associated with an amino- 
carbene cluster degradation-reagglomeration pathway. Support for this proposed mechanism 
is given by the isolation o f a tetranuclear carbene complexes from the triruthenium 
reactions.16 The more stable triosmium clusters do not cleave C-N bonds in tertiary 
aminesuntil 150°C, where cluster fragmentation is an accessible process.16
1.2.2. Reactions o f Os3(CO)12 and Ru3(CO),2 with Indoline and 
Tetrahydroquinoline.
The HDN of quinoline and other nitrogen heterocycles does not proceed 
homogeneously with Os3(CO),2 or Ru3(CO)12, under conditions where C-N bond cleavage 
is observed with secondary and tertiary amines, respectively.20" 1 The reaction o f quinoline 
and tetrahydroquinoline with both trimetallic clusters at temperatures o f 130-150 °C, resulted 
in C-H bond activation and dehydrogenation to give complexation o f the nitrogen and C(2) 
position (Equation 1.8).20" 1
Equation 1.8
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Aromatization o f the heterocyclic ring after complexation was also a dominate pathway in 
the reaction o f tetrahydroquinoline with Os3(CO)I2. At the elevated temperatures that these 
reactions occur, the dissociation o f a single CO from the metal, to open a coordination site, 
is followed by coordination of the nitrogen lone pair and N-H bond cleavage.20" 1 
Coordination exclusively at the heterocyclic ring o f tetrahydroquinoline did not result in 
activation towards hydrogenation or C-N bond cleavage at moderate H2.20 In contrast the 
reaction o f indoline with the lightly stabilized triosmium cluster Os3(CO)I0(CH3CN)2 (1) 
resulted in coordination of the nitrogen lone pair and the C(7) position o f the carbocyclic 
ring.22 Decarbonylation o f the p-aryl-amine complex (|i-H)(|i-r|2-CgH7NH)Os3(CO)I0 (2) at 
60°C, resulted in quantitative conversion to the p3-arylidene imidinium complex (p-H)2(p3- 
rp-C8H7N)Os3(CO)q (3) in which the aromaticity o f the carbocyclic ring has been disrupted 
(Equation 1.9). In addition complex 3 exists in tautomeric equilibrium with the yellow p 3- 
aryl-amido complex (p-H)2(p3-r|2-CgH7N)Os3(CO)q (4) in which the aromaticity o f the 
carbocyclic ring is preserved.
Equation 1.9
OitfCOWObCNh +
N
H -O s
H -/-O S-CO
-O s Os—-O s Os—
3 4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
Complexes 3 and 4 are in tautomeric equilibrium, with a ^ ( 4 / 3 )  = 6.1 at 25°C which can 
be approached from either compound. Dehydrogenation does occur at 128°C to give the 
previously reported complex (p-H)2(p3-q2-CsH,NH)Os3(CO)9 (5) where the nitrogen is no 
longer coordinated to the cluster.2-’
The reaction o f tetrahydroquinoline with complex 1 at 25-50 °C yielded two major 
products, the red complex (p-H)2(|i3-Ti2-CqH9N)Os3(CO)q (6) which is a structural analog
o f 3 and its tautomer the yellow complex (p-H^pj-rf-CqHqNOOsjtCO), (7); and two minor 
products Os3 (CO)10(//-H)(^-ti,- c )h <,N (C ^)C N ) (8) and 0%(CO),o(Ai-H)(M-Tf-Q^N) (9). 
These compounds were characterized by ‘H-, and '"C-NMR, infrared spectroscopy and 
elemental analysis. In the case o f 8 and 9, attached proton test (APT), one-dimensional ,JC 
and two-dimensional lH COSY experiments allowed complete assignment o f all but the 
carbonyl resonances in these compounds. The rate o f conversion between the two tautomers, 
6 to 7, is slower than the rate o f conversion of 3 to 4, but the equilibrium constants are about 
the same (Equation 1.10).
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Equation 1.10
OsaCCOMObCNk +
h
25-60°C
Thermolysis o f 8 at 128°C in octane yielded two compounds: Os3(CO)8 Gu-H)Gu3-r|2- 
CqHqN(CH.)CN) (10) and Os3(CO),Gu-H)(Af3-n2-C«,HgN) (12) in 45 and 23% yield 
respectively (Equation 1. 11). The structure of 11 is directly related to the previously reported 
decacarbonyl imidoyl derivative o f quinoline. 21
Equation 1.11
,CH,
.H - •Os12 8 ° C Os'
— O : :os—
8
10
N = = -
—Os ls —
The reaction of tetrahydroisoquinoline with 1 in benzene at 50°C was also previously shown
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to give a single product, Os3(CO)10(£i-H)(£d-r|2-C9H8N) (12) in 69% yield (Equation 8).16 
The structure is based on infrared, ‘H-NMR and elemental analysis, and the similarity o f its 
spectroscopic properties to related //-imidoyl triosmium clusters.16 Decarbonylation o f 12 
was readily accomplished either thermally or photochemically to yield Os3(CO)9(,u-H)Gii3- 
rp-G,HgN) (13) (Equation 1.12).
Equation 1.12
Herein (Chapter 2), a detailed examination of the structural characteristics o f compounds 
3, 4, 6, and 7. the mechanism o f the interconversion between tautomers, their fluxional 
behavior and their reactivity towards protonation, thermolysis, and hydride donors.
0S 3 (C 0 )tiC H £ N )2  + 50-60°C
12
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2.3 Reactions of Os3(CO)I2 and Ru3(CO),2 and Os3(CO),„(CH3CN)2 with
Quinoline.
Initial studies on the reaction o f quinoline with Os3(CO)I2 and Ru3(CO),2 gave 
complexes analogous to those found for the reactions o f tetrahydroquinoline, in which the 
nitrogen lone pair adds to the cluster and is followed by oxidative addition o f the C(2) 
position o f the quinoline ring. When quinoline is added to the lightly stabilized 
Os3(CO)I0(CH3CN)2. at room temperature, a different bonding mode occurs in which the 
nitrogen lone pair and the C(8) position o f the quinoline ring oxidatively adds to the cluster 
to form (g-H)(g-q2-CgH6N)Os3(CO),0 (9) as the major product in addition to minor amounts 
o f the previously reported product 14 (Equation 1.13).20-2' These compounds were shown to 
be unreactive towards hydride donors and hydrogenation.20-24-25
Equation 1.13
Decarbonylation o f 9 can occur either photochemically or thermally to give the electron
O s3(C O ),o (C H 3C N ) +
9
Major
14
Minor
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deficient (^-HXiij-rr-CcH^OsjCCO), (15).26 The quinoline ring is bound to the cluster by 
coordination o f the nitrogen lone pair and a three center two electron bond with the C(8) 
carbon which bridges the same edge of the metal triangle as the p-H  (Figure L I). This 
electron deficient bonding mode is similar to the previously reported27 compound
Figure 1.1
-O s - 0,s—
0,s.
15
(p-H)(p3-r|;'-Ph2pCH2(Ph)C6H4)Os3(CO)8 which contains a bridging phenyl. Herein. 
(Chapter 3), the reactivity o f compound 15 with phosphines. carbon monoxide, hydride and 
proton donors, and hydrogenation is examined. The detailed mechanism o f CO 
incorporation into compound 15 is also examined.
1.2.4. High Pressure Hydrogenations of Compounds 6,7, and 15.
There is ample precedent in the literature for the hydrogenation o f organometalic 
clusters of osmium and ruthenium which result in partial reduction o f  the organic ligand or 
.under more forcing, conditions reductive cleavage of the organic ligand and the formation 
of various hydrogenated cluster products.18-20-28 We have examined (Chapter 4) the reactivity
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of compounds 6 and 7 towards hydrogenation under a variety o f  conditions to see if  C-N 
bond cleavage occurs, and to isolate any cluster products formed. Because the working HDN 
catalysts require the addition of protic acids, we have also examined the effect o f a protic 
environment on the hydrogenation o f 6 and 7. Compound 15 which has an open 
coordination site at the metal core, provided an opportunity to see if  hydrogenation at the 
metal core would be transferred to the ligand, under forcing conditions. Triosmium clusters 
that contain an open coordination site have been shown to be reactive towards 
hydrogenation.16"9 The transfer o f hydrogen from the metal core to nitrogen containing 
ligands on triosmium clusters is also well documented in the literature/ 0"’1 We have, 
therefor, also examined the high pressure hydrogenation o f 15.
1.3. Radical Hydrogen Atom Abstraction from Triosmium Clusters.
There is a great current interest in the fundamental properties o f hydrogen transfer 
from transition metals to organic substrates/ 2 This is due to the importance o f proton, 
hydrogen atom and hydride transfer in numerous biological and industrial catalytic systems 
including the previously discussed HDN process.22 The homolytic reactivity o f metal 
hydrides in novel bonding arrangements with organic radicals has received little study. 
Radical chain reduction reactions involving hydrogen abstraction are however crucial to the 
understanding of numerous metal catalyzed system s/J A few studies have examined 
competitive radical attack on bridging vs terminal hydrides.24 The dibridging cluster (/j.- 
H),Os,(CO),0 was found to be stable in CCL, over a period o f several days while the cluster
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(H)-,Os3(CO)I2 containing two terminal hydrides reacts readily with CCl4 to give the ligand 
substitution product Os3(Cl)2(CO),2. Norton and co-workers have examined radical chain 
mechanisms in which the monometallic osmium cluster H2Os(CO)4 acts as both a hydrogen 
atom source and as the radical chain carrier.j5 H2Os(CO)4 reacts readily with (Ph3P)AuCH;. 
to form methane and the mixed metal cluster ((Ph3P)Au)2Os(CO)4 and there is strong 
evidence that this reaction occurs by a radical pathway. Phosphine substitution on the 
osmium cluster was shown to have little effect on the rate o f the radical chain mechanism. 
HMn(CO)5 was also shown to be effective as a radical chain carrier when reacted with 
(Ph3P)AuCH3. The compound HRe(CO)5, known to form metal based radicals, did not show 
significant reactivity. This may be due to differences in the metal hydrogen bond strengths.
To examine the factors effecting radical hydrogen abstraction from metals, we have 
developed a radical clock method for measuring the absolute rates o f  hydrogen atom 
abstraction. In previous studies by Franz and co-workers, the absolute rate constants for 
hydrogen atom abstraction from thiophenol, tributylstannane, and dicyclohexlphosphine were 
measured using benzyl radical abstraction vs. self termination.36 More recently, the hydrogen 
atom abstraction rates from Mo(p-SH) were measured by this method, j7 and this prompted 
the investigation o f other metal hydrides. In the study presented here (Chapter 5), three 
triosmium clusters (ft-H)(|i3-Ti2-C9H6N)Os3(CO)q (15), Os3Gu-H)2(CO)qPPh3 (16) and 
Os3(/u-H)(H)(CO)I0PPh3) (17) containing hydrides in distinctly different bonding modes were 
reacted with benzyl radicals to determine the rate o f hydrogen atom abstraction. The 
structural differences in these complexes makes possible the study o f the effect o f p-bonding
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vs terminal bonding of hydrogen, on its kinetic reactivity.
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Chapter 2
Molecular Transformations of Indoline and Tetrahydroquinoline 
on Triosmium Clusters
Metal cluster complexes have proved to be valuable for modeling carbon- oxygen8
bond cleavage processes at metal surfaces, yet reactions of metal carbonyl clusters with HDN 
substrates such as quinoline (Q), tetrahydroquinoline (THQ) and isotetrahydroquinoline 
(ITHQ) at elevated temperatures lead to products in which the heteroaromatic ring has been 
dehydrogenated.21 Kinetic modeling of the HDN process indicates that dehydrogenation o f 
substrates such as THQ can be competitive with carbon-nitrogen bond cleavage even in the 
presence of hydrogen.3 In light o f the fact that it was recently demonstrated that carbon- 
nitrogen bond cleavage can be accomplished catalytically at 150°CU and stoichiometrically 
at ambient temperatures18 with aliphatic amines using triosmium clusters, we thought it 
would be useful to reexamine the reactions o f HDN precursors such as THQ and indoline
(I) with the lightly stabilized triosmium cluster Os(CO)I0(CH3CN)2 (1). The purpose o f 
these initial studies was not to accomplish HDN but rather to understand the sequence o f C- 
H and N-H bond activation processes after reduction o f the heteroaromatic ring and to
18
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understand which bonding modes o f these heterocycles, if  any, are resistant to 
dehydrogenation. These studies have yielded a series of structurally related complexes 
whose thermal chemistry and behavior towards protic acids and hydride donors is reported 
herein.
2.1 Results
2.1.1 The Reaction of Indoline with O s3(CO)l0(CH3CN)2.
The reaction of indoline(I) with 1 at ambient temperatures in dry benzene over 20h 
yields a single major product in 67% isolated yield. The product was characterized by 
infrared, ‘H-NMR and elemental analysis and shown to be Os3(CO)I0(p-H)(p-,n2-CgH7NH)
(2) (Equation 2.1).
Equation 2.1
The compound exists as two isomers in solution which differ by the disposition o f the N-H 
bond relative to the cluster (Scheme 2.1) as evidenced by the presence o f  two N-H 
resonances at 4.15 and 4.05 ppm and two hydride resonances at -13.59 and -13.80 ppm both 
in 2.5:1 ratio.
Os3(CO)ld[CH3CN)2 +
2
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Scheme 2.1
-C
/ —c _
Isomers o f  2
Companion resonances for the hydrocarbon CH and CH3 groups are also seen but are only 
partially resolved. Exchange between these isomers is slow on the NMR time scale as 
previously observed for related isomers o f N-methyl pyrrolidine bound to triosmium 
clusters.16 -40 The reaction of indoline with 1 at 60 °C for 8 hr yields two major products 
characterized by infrared, 'H-NMR and elemental analysis; Os3(CO)<, (|i-H)2(p3-ri2-CgH7N)
(3) and Os3(CO)q(|i-H)2(|j.3-T|2-C8H7N) (4) in 30 and 22% isolated yield, respectively. 
Compound 3 is deep red and is apparently an isomer of 4 which has the characteristic yellow 
color o f most triosmium complexes (Equation 2.2).
Equation 2.2
Os3{CO)1(j!CH3CN)2 +
1
3 4
Y ellowRed
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Compound 3 is completely rigid on the NMR time scale up to +90°C. (AG: > 72 
kJ/mole) as evidenced by the onset o f slight reversible broadening of the two hydride 
resonances at this temperature. The solid state structure o f  compound 4 is shown in Figure 
2.1. selected bond angles and selected bond lengths Table 2.1. The structure o f4  consists 
o f an isosceles triangle o f osmium atoms with the elongated edge bridged by the more in 
plane hydride ligand and the shortest edge having the single atom amido bridge and a highly 
tucked hydrogen ligand. It is clear from the N-C(l) and C(l)-C(2) bond lengths 1.46 and 
1.42 A respectively that aromaticity has been restored to the carbocyclic ring. The structure 
o f  4 is consistent that predicted from the NMR data. In sharp contrast, compound 4 shows 
a fluxional behavior which indicates hydride exchange in the temperature range examined. 
Thus at -50°C we observe two sharp hydride resonances at -13.83 and -13.92 ppm and four 
aliphatic resonances at 3.88, 3.46, 3.19 and 2.92 ppm, all o f equal relative peak area. At 
room temperature, a single sharp hydride resonance at -13.86 ppm is observed while the 
aliphatic resonances average to two broadened resonances at 3.67 and 3.09 ppm. The 
aromatic resonances remain unchanged through this temperature range at 7.21,6.61 and 6.51 
ppm. This behavior is consistent with a process in which one of the hydrides moves from 
edge-to-edge to induce a symmetry plane followed by edge-to-edge migration o f either 
hydride (Scheme 2.2).-41 Only one of two distinguishable isomers (isomer A, as in the solid 
state Figure 2.1, Scheme 2.2) o f 4 are detectable at the low temperature limit.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.1 The Solid State Structure of Os3(CO)9(ji-H)2(ji3-'n2-CgH7N)(4) 
Showing the Calculated Position o f the Hydrides.
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Table 2.1 Selected Bond Distances (A) and Angles (deg) for 4a 
Distances
Os( I )-Os(2) 2.795(1)
Os(l)-Os(3) 3.019(1)
Os(2)-Os(3) 2.818(1)
Os( 1 )-N 2.15(1)
Os(2)-N 2.18(2)
Os(3)-C(2) 2.14(2)
N-C(l) 1.46(2)
N-C(8) 1.48(2)
C(l)-C(2) 1.42(3)
C( 1 )-C(6) 1.38(3)
C(2)-C(3) 1.43(3)
C(3)-C(4) 1.40(3)
C(4)-C(5) 1.39(3)
C(5)-C(6) 1-41(3)
C(6)-C(7) 1.52(3)
C(7)-C(8) 1.56(3)
Os-CO I.94(2)b
C-O 1.13(2)b
Angles
Os(2)-Os(l)-Os(3) 57.85(3)
Os(l )-Os(2)-Os(3) 65.07(3)
Os(l)-Os(3)-Os(2) 57.08(3)
Os( I )-N-Os(2) 80.0(2)
N-C(l)-C(2) 125.0(2)
N-C(l)-C(6) 109.0(2)
Os-CO 178.0(2)
a Numbers in parentheses are estimated standard deviations. 
b Average values
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Scheme 2.2 Hydride Exchange in 4 and 6.
OsOs
OsOs'OsOs'
A
Os,
OsOs'
The thermolysis o f 2 at 60°C follows strictly first order kinetics converting to 3 and 4 
(Equation 2.3). The rate constant for this conversion is 1.8 ±  0.2x10 'V  and both isomers 
o f 2 appear to convert at equal rates.
Equation 2.3
O s—>
Os —
5
-^O.s O s —
3
-Os — \ —H
O s ——Os
4
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Isolated 3 in turn converts to 4 at 100°C with an approximate half-life o f 3h. Further 
prolonged thermolysis of 4 at 128°C in octane leads to O s3(g -H )2(p3-Tf-CgH4NH)(CC))g (5) 
originally synthesized by the reaction of indole with Os3(CO)12 (Equation 2.4).23 
Equation 2.4
Compounds 3 and 4 appear to be involved in a tautomeric equilibrium (vide infra) since 
heating o f 3 (>20h) at 100 °C results in a constant ratio o f 4:3 o f 6.1:1 and heating 4 results 
in the same ratio. Only trace amounts o f other compounds appear during these thermolyses.
2.1.2 The Reaction of Tetrahydroquinoline with Os3(CO)10(CH3CN)2.
The reaction o f THQ with 1 at 25-60°C in methylene chloride or benzene does not 
lead to a compound analogous to 2. Instead, four compounds are isolated: Os3(CO)q(p.- 
H)2(p3-rf-C qHqN) (6) directly analogous to 3; Os3(CO)q(p-H);,(ji3-T]2-CqHqN) (7) directly 
analogous to 4; Os3 (CO)l0(p-H)(p-q'-CqHqN(CH3)CN) (8) and Os3(CO)|0((j-H)(p-q2- 
CqH6N) (9) (Equation 2.5). These compounds were characterized by 'H and l3C-NMR, 
infrared and elemental analysis. In the case o f 8 and 9, attached proton test (APT), one­
dimensional l3C and two-dimensional 'H COSY experiments allowed complete assignment 
o f all but the carbonyl resonances in these compounds.
2 3 4
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Equation 2.5
OsrfCOMCHsCNfe + 
1 A
—0:
6 7
£>S------- +  “~OS;
8 9
Depending on the temperature and reaction time. 6 is obtained in 22-31%  yield. As for 3 
and 4, 6 and 7 are related by a tautomeric equilibrium for which the equilibrium ratio o f 7:6 
is similar to that o f  4:3, being 6:1. Interestingly, the rate o f equilibration is significantly 
slower than in the case o f 3 converting to 4 having a half-life o f 8.3h. Like 3, 6 is 
structurally rigid on the NMR time scale and is deep red. while 7 is fluxional on the NMR 
time scale like 4. The solid state structure o f 6 is shown in Figure 2.2, and selected bond 
angles and selected bond lengths Table 2.2.
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Figure 2.2 The Solid State Structure o f Os3(CO)q(|i-H)2(ji3 -'n2-C9H9N) (6) 
Showing the Calculated Position o f the Hydrides.
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Table 2.2 Selected Bond Distances (A) and Angles (deg) for 6 “
Distances
O s(l)-O s(2) 2.806(1)
O s(I)-O s(3) 2.801(1)
Os(2)-Os(3) 2.973(1)
O s(l)-C (2) 2.18(2)
Os(2)-C(2) 2.18(1)
Os(3)-N 2.15(1)
N -C (l) 1.30(2)
N-C(9) 1.44(2)
C (l)-C (2) 1.51(2)
C (l)-C (6) 1.46(2)
C(2)-C(3) 1.47(2)
C(3)~C(4) 1.32(2)
C(4)-C(5) 1.43(3)
C(6)-C(7) 1.51(3)
C(7)-C(8) 1.45(3)
C(8)-C(9) 1.44(3)
Os-CO 1.9 l(2 )b
C -0  1.13(3 )b
Angles
O s(2)-O s(l)-O s(3) 64.04(2)
O s(l)-O s(2)-O s(3) 57.89(2)
O s(l)-O s(3)-O s(2) 58.07(2)
Os( 1 )-C(2)-Os(2) 80.0(5)
N-C( 1 )-C(2) 120.0(1)
N-C(l )-C(6) 120.0(1)
Os-C-O 177.0(2)b
a Numbers in parentheses are estim ated standard deviations. 
b Average values
The solid state structure o f 6. the red tautomer o f the THQ pair, is representative 
o f the kinetic products obtained from the reaction o f I and THQ with 1 at 50 °C. The 
structure of 6 consists of an isosceles triangle of osmium atoms with one elongated metal 
bond (Os(2)-Os(3)=2.973(l)A). The hydrides were located using the program HYDEX43 and
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as expected, the longer Os(2)-Os(3) bond has the more in plane hydride while the shorter 
doubly bridged Os(l)-Os(2) edge has the hydride tucked well below the plane o f  the metal 
triangle. These calculated positions for the hydrides are confirmed by the orientation o f the 
carbonyl groups C O (ll), CO(2I), CO(31) and CO(23), essentially trans- to the metal 
hydrogen bond vectors. The most interesting aspects o f the structure o f  6 are the carbon- 
nitrogen and carbon-carbon bond lengths. Thus, the N-C(l) bond length (1.30 A) is clearly 
a carbon-nitrogen double bond and the C(l)-C(2) bond length (1.51 A) is a carbon-carbon 
single bond. The somewhat shortened C(5)-C(6) and C(3)-C(4) bonds (1.38 and 1.32 A) 
suggest more localized carbon-carbon double bonds but the relatively large thermal ellipsoids 
for C(4) and C(6) and the intermediate bond lengths observed for C(4)-C(5) and C(2)-C(3) 
(1.43 and 1.47 A) qualify this conclusion. It does seem clear, however, that aromaticity in 
the carbocyclic ring has been significantly disrupted and that the bonding o f  C(2) to the 
cluster is best viewed as an electron precise g-alkylidene. This is further suggested by the 
symmetrical Os(l)-C(2) and Os(2)-C(2) interactions (both 2.18(2)A).
The structure o f 4 also consists o f an isosceles triangle o f osmium atoms with the 
elongated edge bridged by the more in plane hydride ligand and the shortest edge having the 
single atom amido bridge and a highly tucked hydrogen ligand. It is clear from the N-C(l) 
and C (l)-C(2) bond lengths (1.46 and 1.42 A), respectively, that aromaticity has been 
restored to the carbocyclic ring. The C(1 )-C(6) bond lengths fall into a much narrower range 
for 4 than for 6 overall (1.38-1.42 A) vs (1.32-1.51 A) suggesting significant benzenoid 
character in the ring. As might be expected, the C(2)-Os(3) bond has shortened somewhat 
on becoming terminal (2.15 A) while the N-Os(3) bond has become slightly
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
elongated on becoming a bridging amido and exhibits a very slight asymmetry. Since the 
colors, thermal behavior and spectroscopic properties of 7 and 4 as well as 3 and 6 are so 
similar, compounds 3 and 4 are related to each other in the same way as 6 and 7, as put forth 
above. In contrast to 4 however, 7 shows the presence of two isomers at the low temperature 
limit as evidenced by the presence o f a low intensity hydride signal at -80°C (Figure 2.3) and 
the differential line-broadening of the two hydride signals as the temperature is increased. 
This implies some significant population o f the more symmetrical isomer B (Scheme 2.2). 
Although the exchange pathway observed for 4 and 7 is well known for these types o f  
clusters, the observation o f the single hydride resonance representing the symmetrical 
intermediate is unusual.41
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Figure 2.3 VT 'H-NMR of the Hydride Region of 7 at 400 MHz 
in CD2C12 (* indicates a trace impurity of 6).
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Thermolysis o f 7 in refluxing octane for 24-48h yields Os3(CO)9(|i-H)(g3-r|2-C9H8N) 
(18) (Equation 2.6) as the only isolable product in addition to nonspecific decomposition. 
The assignment o f the structure o f 18 is based on the observation o f a doublet o f doublets at 
8.85 ppm which correlates (2D-'H-COSY) only with one o f the aliphatic methylene 
resonances at 2.85 ppm, while the three other resonances in the aromatic region correlate 
with each other.
Equation 2.6
This connectivity pattern is only consistent with the ligand structure proposed for 18. The 
solid state structure of 18 is shown in Figure 2.4, and selected bond angles and selected bond 
lengths in Table 2.3. Compounds 18 and 5 represent dehydrogenation products relative to 
7 and 4 respectively, but in 18 the nitrogen atom remains coordinated to the cluster.
The structure o f 18 consists o f an Os3 triangle with three slightly different Os-Os 
bonds (Table 2.3). The 3.4-dihydroquinoline ligand sits essentially perpendicular to the 
metal triangle. This structural feature and the almost symmetrical lengths o f the Os( 1) and 
Os(3)-C(8) (2.23 and 2.31 A) suggest a 3-center-2-electron bond between C(8) and Os( 1) 
and Os(3).:i This is further supported by the bond lengths in the heterocyclic ring
H
■Os—  +  Decomposition
7 18
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Figure 2.4 The Solid State Structure of Os3(CO)9(fi-H)(|i3 -T]2-C9H8N) (18) 
Showing the Calculated Position o f the Hydrides.
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Table 2.3 Selected Distances (A) and Bond Angles (deg) for 18.a
Distances
Os(l)-Os(2) 2.759(1)
Os(l)-Os(3) 2.772(1)
Os(2)-Os(3) 2.776(1)
O s(l)-C(8) 2.23(1)
Os(3)-C(8) 2.31(1)
Os(2)-N 2.14(1)
Os-COb 1.90(1)
N-C(2) 1.30(1)
C(2)-C(3) 1.44(1)
C(3)-C(4) 1.50(1)
C(4)-C(9) 1.51(1)
C(5)-C(9) 1.39(1)
C(5)-C(6) 1.33(1)
C(6)-C(7) 1.36(1)
C(7)-C(8) 1.39(1)
C(8)-C(9) 1.40(1)
C-Ob 1.12(1)
Angles
Os(l)-Os(2)-Os(3) 60.11(2) Os(3)-Os(l)-C(8) 53.7(3)
Os(2)-Os(3)-C(8) 78.2(2) Os-C-Ob 177.(1)
N-C(l)-C(2) 124.(1) C(9)-C(4)-C(5) 116(1)
Os(l)-Os(3)-Os(2) 59.6(2) C(l)-N-C(9) 118.(1)
Os(2)-Os(l)-Os(3) 60.27(2)
Os(2)-N-C(l) 123.(1)
C(9)-C(4)-C(3) 120.(1)
Os(2)-N-C(9) 118.(1)
3 Numbers in parentheses are estimated standard deviations. 
b Average values
(Table 2.3). Interestingly 18 has an unexpectedly short C(5)-C(6) bond length o f 1.33 A 
respectively. This may be a reflection of the electron deficiency of C(5). The N-C( 1) bond 
is typical for an uncoordinated C-N double bond at 1.30 A, while the C(l)-C(2) single bond 
is significantly shortened at 1.44 A. The latter may also reflect the electron deficiency at 
C( I ) induced by coordination of the nitrogen lone pair.
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2.1.3 Protonation of 3, 4, 6 and 7.
In order to probe the electron distribution in the 3-4 and 6-7 tautomeric pairs, we 
examined their protonation. The red tautomers 3 and 6 both protonate quantitatively with 
CF3SO3H in CD2Cl2. Protonation occurs at nitrogen as evidenced by the appearance o f a new 
broad resonance at 7.90 and 7.05 ppm, for 3 and 6 respectively, which show COSY 
correlations with the aliphatic resonances o f the nitrogen containing rings in 3 and 6. 
These yellow solutions o f 3H+ and 6H+ are stable indefinitely and on reaction with base, 
deprotonate to regenerate the red complexes 3 and 6 (Scheme 2.3). In sharp contrast, 
compound 7 protonates quantitatively at the metal core with CF3S 0 3H in CD2C12 as 
evidenced by the appearance of two new sharp hydride resonances at -16.00 and -13.83 ppm 
in a relative intensity o f  2:1. On standing under N2, this yellow solution o f 7H+ gradually 
transforms to 6H+ as monitored by 'H-NMR. Deprotonation o f this solution with base yields 
a red solution which proved to contain 6 after chromatographic purification. The same 
transformation occurs using a four fold excess of CF3COOH but the conversion is complete 
within six hours. The reaction o f compound 6 with methyl triflate or dimethyl sulfate did 
not result in C-N bond formation.
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2.1.4 Reaction of Compound 18 with HVH+ and Deuterium Labeling.
Compound 18 reacts sequentially with LiBEt-H and CF3S 0 3H to yield the red 
tautomer 6. When the reaction is conducted with LiBEt-D followed by protonation with 
CF3S 03H. the isolated red product 6-dh shows spectral changes only in the aliphatic region 
o f the ‘H NMR when compared to the non-deuterated compound 6. Compound 6 shows 
three aliphatic resonances at 3.49 ppm (m, CH2(2)), 2.52 ppm (t, CH2(4)), and 1.57 (m. 
CH2(3)) ppm. The aliphatic region of the deuterated complex 6-dh shows evidence o f 
deuterium incorporation at the C(2) position. The multiplicity' o f both the CH2(2) and at the 
CH2(3) decreased. The relative intensity of the CH;(2) resonance decreases to 1:2 relative
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to the intensity of CH2(3) and CH2(4). The hydride region o f the lH NMR of 6-dh showed 
two resonances at -13.02 ppm (dd, hydride) and -13.82 (d, hydride) ppm, in a 1:L ratio of 
relative intensity. The splitting pattern observed indicates that the hydrides are coupled to 
each other and that one o f the hydrides is isotopically shifted by its relation to the deuterium 
at C(2). Compound 6-dh has rigid hydrides and therefore the hydrogen at C(2) can be in two 
different locations relative to the hydrides dependent on which face the deuterium 
nucleophilic attack occurred. Deuterium NMR of 6-dh CH2C12 showed no evidence of 
deuterium incorporation in the hydride region of the spectrum but does show a strong 
resonance at 3.67 ppm in CH2Cl2. This resonance is very close to the resonance o f the 
hydrogens on CH2(2) (3.49 ppm) in the 'H NMR. The shift difference is likely due to the 
change in solvent (CH2Cl2 vs CDCU). This ‘H and deuterium NMR data is consistent with 
the mechanism presented in Scheme 2.4. Nucleophilic attack occurs initially at the C(2) 
position, as in free quinoline, and is followed by direct protonation at the metal core. Then 
the lone pair o f electrons on the nitrogen form a double bond with C(9), breaking the 
aromaticity of the carbocyclic ring allowing the formation o f an electron precise bridging 
bond at C(8) with two osmium atoms along one edge o f  the cluster, and resulting in the 
reformation of complex 6-dh.
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2.2 Discussion
The formation o f compounds 2-7 where C-H activation is at the 7- and 8- position 
o f the indoline and tetrahydroquinoline ring respectively contrasts sharply with the results 
obtained by high temperature reactions o f these ligands with Os3(CO)I2 where C-H activation
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at the 2- position is observed.21 This is probably due to the availability o f  the binuclear 
reaction site potentiated by the presence o f two relatively labile acetonitrile ligands combined 
with the higher reactivity of aromatic C-H bonds relative to aliphatic C-H bonds towards 
oxidative addition.44 We have also observed C-H activation at the 8-position in the reaction 
o f quinolines with l .26 This essentially bimetallic reaction chemistry is apparently governed 
by electronic as well as geometric factors since ITHQ, where the aromatic C-H bonds are 
inaccessible to the cluster after initial nitrogen coordination, gives only 12 (Chapter 1; 
Equation 1.12) on reaction with 1 in which benzylic C-H bonds have been activated. 
Preferential activation o f the aromatic and benzylic C-H bonds is most consistent with 
formation of a polarized (C"-H~) interaction after dissociation of the second acetonitrile 
ligand has occurred. On the other hand, the formation of 8 by an apparent direct nucleophilic 
attack by THQ on a coordinated acetonitrile suggests a tightly bound and polarized (C '-N ‘) 
nitrile ligand. We have also observed the formation o f products analogous to 8 in the 
reactions of pyrrolidine with l .45
The conversion o f  2 to 3 and 4 at 60 °C represents an unusually facile conversion of 
a decacarbonyl triosmium cluster containing a g-coordinated ligand to the corresponding 
nonacarbonyl triosmium cluster containing a g3-coordinated ligand. For example, the related 
|i-imidoyl cluster 12 and related species undergo decarbonylation slowly at 128°C.46 Carbon- 
hydrogen activation with concomitant loss o f a carbonyl group in g-alkyne decarbonyl 
triosmium clusters takes place approximately ten times slower than the conversion o f 2 to 
3 and 4 .47 It is the back reaction (carbonyl recapture) which adds to the sluggishness of 
these reactions and leads to significant deviations from first order kinetics after about one
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half-life.47 In the case o f 2 converting to 3 and 4, it seems reasonable to propose a proton 
transfer to the metal core from the amino N-H followed by amido induced carbonyl 
dissociation. A related pyridine nitrogen induced carbonyl migration has recently been 
reported.48 We did not observe the THQ analog of 2 even in the room temperature reactions. 
Attempts to observe this intermediate by ‘H-NMR with CD:,CN solutions o f 1 and THQ 
failed. The formation o f 8 under such mild conditions indicates that dehydrogenation is a 
very facile process from the presumed intermediate analogous to 2 in the case o f  THQ.
The tautomeric pairs 3-4 and 6-7 represent unusual examples o f structures which 
differ very little in energy (Keq~6) but have a high kinetic barrier for interconversion. 
Clusters 3 and 6 both exhibit a much higher barrier for hydride migration than do 4 and 7. 
Although we cannot point to a particular geometrical feature of the hydride geometries which 
accounts for this large difference in hydride mobility, we suggest here that it is the resulting 
overall cluster rigidity which accounts for the slow rates o f tautomerization o f 3 and 6 to 4 
and 7 respectively. We have previously noted that the rate o f hydride exchange can have a 
significant influence on the course o f organic ligand rearrangements, and that relatively 
subtle changes in hydride geometry can have a dramatic influence on the rate o f this 
exchange.49
The thermal behavior of 4 and 7 exhibits an interesting parallel with catalytic HDN. 
Whereas both 4 and 7 lose one mole o f H: very slowly at 128°C. bonding o f the nitrogen to 
the metal is maintained in 7 while incorporation o f the nitrogen lone pair into the indole 71- 
system in 5 results in dissociation of the nitrogen from the metal. In catalytic HDN, indoles 
undergo much slower denitrification but more rapid hydrogenation than quinolines and this
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has been attributed to weaker nitrogen metal binding and stronger Tt-aromatic binding o f  the 
indole ring to the catalytic surface.50
A second interesting feature, which bears strong resemblance to catalytic HDN, is the 
impact of protonation on the preferred bonding mode o f the THQ moiety to the cluster. It 
has been known for some time that addition o f protic acids to HDN catalyst systems 
enhances C-N bond cleavage.39 This is thought to be the result o f protonation at nitrogen 
which reduces C-N bond order making nucleophilic displacement by surface bound bases 
more favorable. The structures o f 6 and 7 are very close in energy (AG°=5 kJ/mole) with 
7 being the more stable form. Protonation effectively reverses this stability. The signal to 
noise ratios o f the 'H-NMR spectrum o f 7H+ after complete conversion to 6H+ was - 5 0 :1, 
which means the equilibrium constant 6H77H+ is at least 50 (AG°>10 kJ/mole). The 
proposed structure o f 6H+ has reduced C-N bond order and disrupted aromaticity in the 
carbocyclic ring which may ultimately lead to cleavage o f the C(10)-N bond by nucleophiles.
2.3 Experimental
2,3.1 Materials.
Compound 1 was synthesized by known literature procedures.51 Indoline, and 
tetrahydroquinoline were purchased from Aldrich and were vacuum distilled from CaH-, 
directly before use. Benzene was distilled from sodium benzophenone ketyl. methylene 
chloride and acetonitrile were distilled from CaH2 directly before use. Trifluoromethane 
sulfonic acid and trifluoroacetic acid were purchased from Aldrich and used as received in 
a Braun Dry Box. NMR solvents were stored over molecular sieves (Mallincrodt 4A). Thin
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layer chromatography was performed on 20x40 cm glass plates using a 2mm layer of silica 
gel PF-254 (E&M Science). Two or three elutions were necessary to obtain adequate 
resolution o f the bands. All reactions were performed under an atmosphere o f prepurified 
nitrogen, but reactions were worked up in air. Elemental analyses were performed by 
Schwartzopf Microanalytical, New York. Solid State structures were preformed by the group 
o f K.I. Hardcastle at California State University Northridge
Spectra. NMR spectra were obtained on a Unity Plus 400 NMR spectrometer and 
infrared spectra were obtained on a Perkin-Elmer 1600 FT-ER.
2.3.2 The Reaction of Os3(CO )10(MeCN)2 with Indoline.
(a) A t Room T em perature. To a freshly distilled benzene solution (50 mL) o f 
Os3(CO )l0(MeCN)2 (0.225 g, 0.241 mmol) was added indoline (203 pL. 1.81 mmol). The 
resulting mixture was stirred at room temperature for 20h. The solvent was removed under 
reduced pressure, and the residue was chromatographed by TLC on silica gel. Elution with 
hexane/CH2Cl2(lO:3. V/V) gave one major and three very minor bands. The major band 
yielded Os3(CO)I0(p-H)(p-r|2-CgH7NH) (2) as yellow crystals (0.156 g, 67%) from 
hexane/CH,CI2 at -20°C. The minor bands were too small for complete characterization.
Analytical and spectroscopic data  for 2.
Anal, calcd for C lsH„NOl0Os3: C, 22.29: H. 0.94: N, 1.44. Found: C, 22.33: H, 
0.71; N. 1.50. IR(v(CO) in hexane): 2100 m, 2061s. 2049vs, 2020s, 1998s, 1992sh, I983sh,
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I973w cm ''. 'H-NM R(C6D6). Major isomer (72%): 7.71 (d, IH), 6.75 (dd, IH), 6.47 (d, 
1H), 4.15 (dd, br, IH), 2.35 (m, 2H), 1.85 (m, 2H), -13.59 (s, IH) ppm. Minor isomer 
(28%): 7.61 (d. IH), 6.66 (dd, IH), 6.29 (d. IH), 4.05 (br, IH), 2.35 (m, 2H), 1.85 (m, 2H), 
-13.80 (s, IH).
At 50-60 °C: To a freshly distilled benzene solution (200 mL) of Os3(CO),0(MeCN), 
(0.400 g, 0.429 mmol) was added indoline (213 pL. 1.90 mmol). The reaction mixture was 
heated at 50-60°C for 8h. The solvent was rotary evaporated and the residue was 
chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (10:3, WVj gave two 
major bands and two very minor bands. The faster moving red band yielded Os3(CO)9(p- 
H)2( |i3-r|:-CgH7N) (3) as red crystals (0.121 g, 30%) from hexane/CH2Cl2 at -20°C. The 
slower moving yellow band gave Os3(CO)q (p-H)2(CgH7N) (4) as yellow crystals (0.090 g, 
22%) from hexane/CH2Cl2 at -20°C. The minor bands were too small for complete 
characterization.
Analytical and Spectroscopic data  for 3 and 4.
For 3, Anal, calcd forCpHqNOqOsj: C, 21.68; H, 0.97; N. 1.49. Found: C, 21.58; 
H, 0.88; N. 1.66. [R(v(CO) in hexane): 2099 m, 2072s, 2045s, 2022s, 2018sh, 2000 m. 
1991 m. 1973 m cm''. 'H-NMR(CDCl3): 6.79 (d, IH), 6.45 (d, IH), 3.65 (m, IH), 3.46 (m, 
IH). 2.84 (m. 2H), -13.21 (d, IH), -13.32 (d, IH) ppm. For4. Anal, calcd for C i7H,NO,Osj: 
C, 21.68: H, 0.97: N. 1.49. Found: C, 21.77; H, 0.92; N. 1.55 IR(v(CO) in hexane): 2012 
m. 2078 s, 2047 vs. 2037 s. 2027 m. 2008 m. 1991 m, 1974 m, cm’1. 'H-NMR (CD2C12. -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
50°C): 7.21 (d, IH), 6..61 (d, IH), 6.51 (dd, IH), 3.88 (ra, IH), 3.46 (m, IH), 3.19 (m, IH), 
2.92 (m, IH), -13.80 (s, IH), -13.92 (s. IH).
2.3.3 Thermolysis of Os3(CO)9(p-H)2(p3-t]2-C8H7N) (3 or 4).
An octane solution o f Os3(CO)9(|j.-H)2(g3-r|2-CgH7N) (0.100 g, 0.106 mmol) was 
heated to reflux for 7h. The solvent was removed in vacuo and the residue was 
chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2(l0:3 , VAT) gave three 
bands. The red band gave unconsumed 3 (0.038 g, 38%). The yellow band afforded 4 (0.042 
g, 42%). The slower moving colorless band gave Os3(CO)9 (|i-H)2(p3-rp-Q  H4 NH) (5) (0.015 
g, 15%). Longer reflux times led to considerable non-specific decomposition. The 
compound gave 'H-NMR and IR spectra identical with those previously reported for 5.12
2.3.4 The Reaction of Os3(CO)10(MeCN)2 with 1,2,3,4-Tetrahydroquinoline.
1,2.3,4-tetrahydroquinoline (269 (iL, 2.15 mmol) was added to freshly distilled 
benzene or CH2C12 solution (200 mL) of Os3(CO)10(MeCN)2 (0.400 g, 0.429 mmol). The 
reaction mixture was heated at 50-60°C for 8h (for benzene) or refluxed overnight for 
CH2Cl2. Stirring benzene solutions o f 1 with tetrahydroquinoline at room temperature gave 
approximately the same product distribution. Chromatographic separation as above gave 
four bands from which the following compounds were isolated (in order o f elution): a 
yellow band Os3(CO),0(|i-H)(g-r|2-C9H6N) (9) (0.17 g, 7%);17yellow band Os3(CO)I0(p- 
H)(p-ril-C9HinN(CH3)CN) (8) as yellow-orange crystals (0.031 g, 12%) from hexane/CH2Cl2 
at -20°C; the third red band afforded Os3(CO)9(p-H)2(p3-tf -G, H>N) (6) as red crystals (0.126
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g, 31%) from hexane/CHXL, at -20°C; and the fourth yellow band gave Os3(CO)9 (ji-H)2(ji3- 
tl2-CqH,N) (7) as yellow crystals (0.036 g, 9%) from hexane/CH-Cl2at -2OX. Several other 
bands were noted but were not isolated in sufficient yield to fully characterize.
Analytical and Spectroscopic Data for 6 and 7.
For 6, Anal, calcd for C lgHnN0 90 s3: C, 22.62; H, 1.16; N, 1.47. Found: C, 22.60; 
H, 0.99; N, 1.19. IR(v(CO) in hexane): 2099 m, 2072s, 2044s, 2022s, 2018m, 2000m, 
1989w, I972w cm’1. 400 MHz 'H-NMR (in CDCl3): 6.80 (d, IH), 6.63 (d, IH), 5.42 (dd, 
IH), 3.12 (dt, IH), 3.35 (dd, IH), 2.52 (t, 2H), 1.57 (m, 2H), -12.98 (d, IH), -13.88 (d, IH) 
ppm. I3C-NMR (CDCl3) hydrocarbon region: C(8), 195.72; CH(7); 163.34; CH(6), 111.97; 
CH(5), 131.44; C(10), C(9), 129.45; C(10) 42.5;CH2(2), 62.91: CH2(3), 23.80; CH2(4), 
27.73 ppm. Carbonyl region: 163.26(1C), 165.68(IC). 170.91(1 C), 172.95(IC),
174.68(1C), 176.07(1C), 178.10(1C), 180.65(1C), 185.48(1C) ppm.
For 7, Anal, calcd for C,gH ,,N 090 s 3: C. 22.62; H, 1.16; N, 1.47. Found: C, 22.62;
H.1.08; N, 1.47. IR(v(CO) in hexane): 2 l l lw .  2078s, 2048s, 2038m, 2025m, 2008m, 
199 Iw, 1973w cm-'. 400 MHz 'H-NMR (in CD2C12 at -80°C) 7.25 (d, IH), 6.35 (dd, IH), 
6.38 (d, IH), 3.92 (dd. IH), 3.30 (dd, IH), 2.91 (m, IH), 2.47 (dd, IH), 1.84 (m, IH), 1.63 
(m. IH). -13.70 (s, IH), -13.90 (s, IH) ppm. ,3C-NMR (CD2CI2: CH(7) 142.06. CH(6) 
124.20, CH(5) 123.14, C(10) 126.57, C(9) 125.38, CH2(2) 82.79, CH;(3) 28.35, CH2(4) 
26.76 ppm. Carbonyl region: 161.58(IC). 163.39(IC), 168.17(1C), 169.50(1C),
173.67(10, 175.49(10, I77.55(1C), 178.08(IC), I84.19(1C) ppm.
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Analytical and Spectroscopic Data for 8.
Anal, calcd. for C2IH,4N2O10Os3: C, 24.61; H, 1.38; N, 2.73. Found: C, 24.79; H, 
1.33; N, 2.66. IR(v(CO) in hexane): 2100m, 2063vs, 2050vs. 2034m, 2018vs. 2003vs, 
199Is, I977w cm '1. 400 MHz ‘H-NMR(in CDC13): 7.10 (d, IH), 7.00 (dd, IH), 6.82 (dd, 
IH), 5.95 (d, IH), 3.65 (m, 2H), 2.87 (m, 2H), 2.58 (s, 3H), 2.05 (dm, 2H), -15.07 (s, IH). 
I3C-NMR (CDC13) hydrocarbon region: Acetonitrile C, 170.66; C(10), 141.26; CH,
130.01; CH, 126.79; C(9), 124.43; CH, 120.40; CH, 115.66; CH2, 46.89; CH3, 27.28; CH2, 
26.79; CH2, 21.94 ppm. Carbonyl region: 185.36(1C), 180.38(1C), 178.15(IC),
178.12(IC), 175.32(1C), 175.27(1C), 173.09(1C), 173.05(1C), 168.08(2C) ppm.
Spectroscopic data for 9 was identical with that previously reported for the same 
compound synthesized from the reaction o f 1 with Q.26
2.3.5 Thermolysis of Os3(CO)9(p-H)2(p3-r|2-CgH9N) (7).
30.0 mg of compound 1 was dissolved in 25 mL of octane and refluxed overnight 
under an atmosphere of nitrogen. The reaction mixture was rotary evaporated and the residue 
purified by thin layer chromatography to yield 11.0 mg (23%) o f a single product in addition 
to non-specific decomposition. The 'H-NMR, 2D-'H-COSY and infrared are consistent with 
the formulation (p-H)Os3(CO)10(p3-r|2-C9H9N) (18).
Analytical and Spectroscopic Data for 18.
Anal, calcd. for C,(,H9NO,0Os3: C. 23.67: H, 0.95; N, 1.47. Found: C, 22.93; H, 0.84; N,
1.06 IR(v(CO) in hexane): 2077m, 2061m. 2047vs, 2021s, 1990m, br. 'H-NMR (CDC13):
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8.85 (dd, IH), 8.22 (d, LH), 7.83 (d, H), 6.80 (dd, IH), 3.10 (m, 2H), 2.85 (m, 2H), -13.01 
(s, IH) ppm.
2.3.6 Protonation of 3, 6 and 7.
Solutions o f 3. 6 or 7 (-0.04 mmol) in 0.6 mL CD2C12 in a 5 mm NMR tube were 
treated with IpL CF3S 0 3H or 5pL CF3COOH. The deep red solutions o f 3 and 6 turned 
lemon yellow, while the yellow-orange solution o f 7 lightened slightly. The solutions were 
monitored for two days by 'H-NMR during which time the solution o f  7H+ converted 
completely to 6H+ while the solutions of 3H+ and 6H+ were stable indefinitely. Treatment 
o f 3H+ and 6H+ with Li*Et3BH‘ regenerated 3 and 6 after chromatographic purification. 1H- 
NMR 3H + (CD2C12): 8.06 (d, IH), 7.98 (d, IH), 7.91 (s, br, IH), 6.92 (dd, IH), 4.12 (m, 
IH), 3.96 (m, IH). 3.34 (m. IH). 3.21 (m, IH), -13.79 (s, IH), -14.61 (s, IH) ppm. 'H-NMR 
6H+ (CD2C12): 7.95 (d, IH), 7.85 (d, IH), 7.00 (d, br. IH), 6.81 (dd, IH), 3.38 (dd, IH), 3.22 
(m. IH), 3.15 (m. 2H), 1.98 (m, IH), 1.80 (m, IH), -12.95 (d, IH), -14.92 (d, lH )ppm . ‘H- 
NMR 7H+(CD2C12): 7.21 (m, IH), 6.63 (m. 2H), 4.00 (m. 2H), 2.95 (m. 2H), 1.95 (m, 2H) 
-13.83 (s, IH), -16.00 (s, 2H) ppm.
2.3.7 The reaction of Os3(CO)9(p-H)(fi-ri2-C9H8N) (18) with LiEt3BD and CF3S 0 3H.
Dark green crystals o f Os3(CO)9(p-H)(p-ri;!-C9HgN) (110 mg., I l l  mmol) were 
dissolved in 25 mL CH2Cl2 in a dry box. A 1.0M solution o f LiEt3BD (130 uL, 0.13 mmole) 
in 20 mL CH2Cl2 was then added dropvvise to the cluster solution and a color change was 
observed from dark green to light yellow. The solution was then neutralized with CF3S 0 3H
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(12 uL). A color change was observed from light yellow to dark red. The solution was 
removed from the dry box and the solvent was removed on a rotary evaporator. The residue 
was then chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (3:1) gave one 
resolved band of Os3(CO)9(p-H)(|i3-r|2-C9H9(D)N) (6-dh) (81 mg, .085 mmole) 74% yield.
Spectroscopic Data for Compound (6-dh).
'H NMR of 6-dh at 400MHz in CDCl,, 6.80(d, IH), 6.63(d, IH), 5.42(dd, IH). 
3.45(m, 2H), 2.52(t, 2H), 1.57(m, 2H), 6 -13.02 (dd, hydride), -13.82(d, JH.H = 1Hz). 2D- 
NMR of 6-dh at 66MHz in CDCI-, 3.67 (broad singlet) deuterium incorporation at C(2).
2.3.8 Kinetics o f Conversion of 2 to 3 and 4 ,3  to 4 and 6 to 7.
Solutions o f 2,3 or 6 (0.04 mmol) in 0.6 mL of C6D6 or C6D5CD3 were inserted into 
a thermostated 5 mm NMR probe at 60, 90 and 100°C respectively and a ‘H-NMR spectrum 
taken every hour for~l5h. Approximately 90 sec elapsed between the sample insertion and 
the first accumulation. Each accumulation took 96 sec (32 transients, acquisition time = 2s, 
relaxation delay = Is). The rate constants for the conversions o f 2 to 3 and 4, 3 to 4 and 6 
to 7 were evaluated by measuring the relative intensities o f each isomer. The kobs for these 
conversions was calculated using the Varian analysis programs "kind" and "kini" which fits 
the measured intensities to the equation I0=Ie'l''+L- The calculated value o f t  is the inverse 
o f the first order rate constant in seconds. The errors reported are i  10% based on the 
expected error in relative integrated intensities for the NMR technique (=5%).
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2.4 X-ray Structure Determination
2.4.1 X -ray S tructure of 4, 6 , and  18.
Crystals o f 4,6  and 18 for X-ray examination were obtained from saturated solutions 
o f each in hexane/dichloromethane solvent systems at -20°C. Suitable crystals o f each were 
mounted on glass fibers, placed in a goniometer head on the Enraf-Nonius CAD4 
diffractometer, and centered optically. Unit cell parameters and an orientation matrix for 
data collection were obtained by using the centering program in the C AD4 system. Details 
o f the crystal data are given in Table 1. For each crystal, the actual scan range was calculated 
by scan width = scan range +  0.35 tan0 and backgrounds were measured by using the 
moving-crystal-moving-counter technique at the beginning and end o f  each scan. Two or 
three representative reflections were monitored every 2h as a check on instrument and crystal 
stability, and an additional two reflections were monitored periodically for crystal orientation 
control. Lorentz, polarization, and decay corrections were applied, as was an empirical 
absorption correction based on a series o f Y  scans, for each crystal. The weighting scheme 
used during refinement was 1/a 2, based on counting statistics.
Each o f the structures was solved by the Patterson method using SHELXS-86,52 
which revealed the positions o f the metal atoms. All other non-hydrogen atoms were found 
by successive difference Fourier syntheses. The expected hydride positions in each were 
calculated by using the program HYDEX,53 hydrogen atoms were included in each structure 
and were placed in their expected chemical positions using the HFEX command in SHELXL- 
93.54 The hydrides were given fixed positions and U's and other hydrogen atoms were 
included as riding atoms in the final least squares refinements with U's which were related
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to the atoms ridden upon. All other non-hydrogen atoms were refined anisotropically in each 
of the structures.
Scattering factors were taken from Cromer and Waber.56 Anomalous dispersion 
corrections were those o f Cromer.57All data processing was carried out on a DEC Micro VAX 
[I computer using the MOLEN system o f programs. Structure solution, refinement and 
preparation o f figures and tables for publication were carried out on a DEC MicroVAX H 
using SHELXS-8653 and MOLEN55 for 4,6  and 18. X-ray structures were done by the group 
of K. Hardcastle at California State University, Northridge.
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Chapter 3
Mechanistic and Structural Studies of Electron Deficient 
Quinoline Triosmium Clusters.
The reaction o f quinoline with M3(CO)I2 (M=Ru,Os) at elevated temperatures has 
been previously examined and gave complexes o f the type M3(CO)l0(p.-T|2-C9H6N)(|i-H) in 
which the C(2) C-H bond oxidatively added to the cluster. These complexes were found to 
be unreactive towards hydride donors and hydrogenation. We have subsequently studied 
the reactions o f quinoline (and methylated quinolines)26 with the lightly stabilized cluster 
Os3(CO)|0(CH3CN)3 at ambient temperatures and find that the major product Os3(CO)l0(p.- 
r |2-C9H5NXjj.-H) (9) where the nitrogen lone pair and the C(8) carbon hydrogen bond has 
oxidatively added to the cluster. Minor amounts o f the previously reported isomeric 
compound Os3(CO),0(p.-ri2-C9H6N)(p-H) (14) were also formed.5 Decarbonylation o f 9 (by 
photochemical or thermal dissociation) gave the novel 46 e' deep green complex 
Os3(CO)9(ji3-Ti2-C9H6N)(p-H) (15). The quinoline ring is bound to the cluster by 
coordination of the nitrogen lone pair and a three center two electron bond. A related set o f 
green electron deficient clusters Os3(CO)g(p3-ri'’-Ph2PCH2(Ph)C6H4)((i.-H) which also 
contains a bridging phenyl have been reported.2'
51
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We report here the results o f the reaction o f 15 with phosphines, hydrogen, and hydride 
and proton donors. We also report deuterium labeling studies which elucidate the reduction 
pathways o f 15, as well as some further studies on the fundamental properties o f these 
complexes including the selective incorporation of l3CO into 15, the dynamics o f 24 and the 
electrochemical behavior o f 15. We also include the solid state structures o f 15b, 24a, 25b 
and the phosphine derivative o f 15, Os3(CO)9(p3-T|2-(4-me)C9H6N)(|i-H)P(OEt)3 (20b).
3.1 Results and Discussion
3.1.1 The Reaction of Os3(CO)9(p3-ri2-C9H6N)(ji-H) with CO and Phosphines.
The reaction quinolines methylated at the C(4) or C(6) position also yield the 46e" clusters 
Os3(CO)9(p3-q2-C9H4RR,N)(p-H)(R=4-CH3, R'=H, 15b; R=H, R'=6-CH3 15c); after 
thermolysis or photolysis o f the initially formed decacarbonyl. The solid state structure o f 
15b is shown in Figure 3.1 and selected bond angles and bond distances are are given in 
Table 3.1. The bond lengths given in Table 3.1 indicate that the aromatic nature o f the 
carbocyclic remains unperturbed making 15b a unique example o f an electron deficient 
trimetallic species containing a p.:'-heterocyclic aromatic capping ligand.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.1 The Solid State Structure o f Os3(CO)9(ji3-r|2-CgH5(4-Me)N)(n- 
H) (15b) Showing the Calculated Position o f the Hydride.
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Table 3.1 Selected Bond Distances (A) and Angles for 15ba. 
Distances
Os(l)-Os(2) 2.764(1)
Os(2)-Os(3) 2.781(1)
Os(3)-Os(l) 2.770(1)
O s(l)-C(8) 2.28(2)
Os(3)-C8) 2.32(2)
Os(2)-N 2.13(2)
C(8)-C(9) 1.42(3)
C(7)-C(8) 1.40(3)
C(6)-C(7) 1.40(4)
C(9)-N 1.37(2)
C (l)-N 1.32(3)
C(l)-C(2) 1.36(3)
C(2)-C(3) 1.43(4)
C(4)-C(9) 1.42(3)
C(3)-C(4) 1.37(3)
C(4)-C(5) 1.45(2)
C(5)-C (6) 1.29(3)
i
Os(l)-Os(2)-Os(3) 59.92(3)
Os(2)-Os(l)-Os(3) 60.34(3)
C(8)-Os(l)-Os(3) 53.7(5)
C(8)-Os(3)-Os(l) 52.4(6)
N(l)-Os(2)-Os(l) 84.2(4)
N(l)-Os(2)-Os(3) 83.6(5)
Os-COb 175(2)
a Numbers in parentheses are estimated standard deviations. 
b Average Values.
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The structure o f 15b consists of an Os3 triangle with three slightly different Os-Os bonds 
(Table 3.1). The quinoline ligand sits perpendicular to the metal triangle and the Os(l)-C(8) 
and Os(3)-C(8) bonds are almost symmetrical suggesting a 3-center, two electron bond as 
in compound 18. The C(5)-C(6) bond (1.29A) is also unexpectedly short indicating the 
possibility o f electron deficiency at the C(5) position. Quinolines substituted at the C(2) 
position do not yield compounds related to 9 and this is likely due to steric interaction 
between the methyl group and the metal core which prevents complexation o f the nitrogen.
Like the electron deficient clusters Os3(CO)8(g3-r|J-Ph2PCH2(Ph)C6H4)(|i-H)),27 
compounds 15a-c react rapidly with carbon monoxide to give 9a-c at ambient temperatures 
and one atmosphere. Compounds 15a and 15c also react rapidly with triphenylphosphine 
and triethylphosphite respectively, and based on their ‘H and l3C-NMR, we can assign a 
structure where phosphine addition has occurred and is accompanied by a carbonyl migration 
to give Os3(CO)q(P R '3)(g-q2-CqH5RN)(|T-H) (R=H, R'=Ph(19a); R=CH3, R'=OEt(20b)) 
(Equation 3.1). The solid state structure of 20b is given in Figure 3.2; selected bond 
distances and selected bond angles are given in Table 3.2. The photolysis o f 20b or 19a 
does not result in the loss o f CO to form an electron deficient compound analogous to 15. 
Subsequent work in our group has shown that compound Os3(CO)9(PPH3)(p-Ti2-(5,6- 
benzo)C9H4N) (21), analogous in structure to 19a and 20b, does lose CO upon photolysis to 
form a a-Tt complex at the C(7)-C(8) positions o f the quinoline ring.71
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Equation 3.1
Figure 3.2 The Solid State Structure o f Os3(CO)9(POEt3)(|i-r|2-CgH5(4- 
Me)N)(|i-H) (20b) Showing the Calculated Position of the 
Hydride.
023
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Table 3.2. Selected Bond Distences (A) and Angles (deg) for 20b.a
Distances
Os(l)-Os(2) 2.931(1)
Os(2)-Os(3) 2.889(1)
Os(l)-Os(3) 2.866(1)
N (l)-C (l) 1.40(1)
N(l)-C(9) 1.34(1)
C(l)-C(2) 1.42(1)
C(2)-C(3) 1.36(1)
C(3)-C(4) 1.41(1)
(C(4)-C(5) 1.35(1)
C(5)-C(7) 1.41(1)
C(6)-C(7) 1.40(1)
C(7)-C(8) 1.39(1)
C(8)-C(9) 1.39(1)
C (l)-C(6) 1.45(1)
C(7)-C(10) 1.50(1)
P ( l)-0 ( l)  1.56(1)
P (l)-0(2) 1.58(1)
P (l)-0(3) 1.53(1)
Os-COb 1.91
C-Ob 1.20
Angles
Os(3)-Os(l)-Os(2) 59.77(2)
Os(3)-Os(2)-Os(l) 58.99(3)
Os(l)-Os(3)=Os(2) 61.24(2)
N(l)-Os(3)-Os(l) 84.9(2)
N(l)-Os(3)-Os(l) 91.4(2)
C(2)-Os(l)-Os(2) 89.7(2)
C(2)-Os(l)-Os(3) 83.9(2)
C(2)-Os(l)-P 89.4(2)
P-Os(l)-Os(2) 176.77(8)
Os-COb 176.11
Numbers in parentheses are estimated standard deviations. 
Average values
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The solid state structure of 20b consists o f a isosceles triangle o f osmium atoms 
with the elongated edge bridged by an in-plane hydride and the 4-methylquinoline ligand. 
The bond lengths o f the carbocyclic ring fall in the range of 1.36(1)-1.45(1) A suggesting 
unperturbed benzenoid character in the ring. The heterocyclic ring also has bond lengths 
consistent with benzenoid character; bond lengths ranging from 1.34(1) to 1.45(1) A. The 
longest bond for both rings is the C(l)-C(6) bond 1.45(1) A. The location o f the P(OEt)3 
ligand under the C(2) carbon can only result from both carbonyl and ligand migration. The 
structure 20b gives does not shed light on the reasons why 20b does not rearrange to an 
analog of 15 after thermolysis or photolysis.
3.1.2 The Hydrogenation of 15a-c and The Reaction of 15a-c with LiEt3BH and
c f 3s o 3h
Hydrogenation was of primary importance in our initial reactivity studies o f  15a-c 
since there has been considerable attention given to the hydrogenation o f quinolines and 
related aromatic heterocycles. Compound 15b does react with H, at 75°C and 100 psi in 
hydrocarbon solvents to give good conversion (75%) to a mixture o f isomeric trihydrides 
whose 'H and'H-2D-COSY data are consistent with Os3(CO)q(p-rp-C9H5(4-CH3)N)(|i-H)3 
(22b) and Os3(CO)9(p-Tr-G,H5(4-CH3N)(p-H)2H (22b'and 22b") (Scheme 3.1).
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Scheme 3.1
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In sharp contrast to this observed reduction with H2 at the metal core, reaction o f  15a- 
c with one equivalent o f LiEt3BH in CDC13 or CD2CI2 results in regiospecific nucleophilic 
attack at the C(5) position o f the quinoline ring, to give the anionic complexes Os3(CO)9(|i- 
q 2-CqH5R(R')N)(u-H)' (23a-c, Scheme 3.2). Although we have not yet isolated these anions, 
their general structure is evident from the ‘H-NMR 2D-COSY data. In Compound 23a, a 
broadened resonance o f relative intensity two at 3.85 ppm is coupled to a doublet o f  triplets 
at 4.19 ppm (J=9.5 and 3.4 Hz) which is in turn coupled to a doublet o f triplets at 5.79 ppm 
(J=9.5 and <1.0 Hz). An identical pattern is observed for 23b but not for 23c where a 
broadened methylene resonance at 3.67 ppm is observed, a singlet methyl at 1.40 ppm  and 
a slightly broadened singlet at 5.61 ppm. That the methylene resonances in 23a-c appear 
broadened could be due to a slow sigma-pi interchange perhaps via a p-ri'-aikyiidene
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intermediate. Subsequent low temperature I3C-NMR studies by Brian Bergman in our 
group, have shown that the carbonyl region remains unchanged at the low temperature limit 
indicating that a sigma-pi interchange is not occurring in compounds 23a-c and that the 
structure o f the anion is as shown in Scheme 3.2 with the ring perpendicular to the cluster. 
Protonation o f  23a-23c leads to quantitative conversion to the sigma-pi vinyl structures 
Os3(CO)q(|i-rp-G,HgR(R')N)(|i-H) (24a-c) which have been isolated and characterized. The 
solid state structure o f 24a is given in Figure 3.3, selected bond angles and selected bond 
lengths in Table 3.3 The structures of 24a-c seem to rule out initial attack by H‘ at C(7) 
(Scheme 3.2) while the data for 23a-c rule out initial attack at the C(6) position. The 
regioselective nucleophillic attack by H' is unprecedented in complexes of aromatic nitrogen 
heterocycles which are not pi-complexed to the metal center. A related regioselectivity has 
been observed in pi-complexes of indole, (ri6-indole)ML(ML=RuCp',Cr(CO)3).69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme 3.2
—Os— \----- Os
Os
i
Os-O s — ’
Os.
2 3 a -2 3 c
60
1 5 a -1 5 c
H(R'), 
H(R')
H+
H H
- O s -
H7H+
2 4 a -2 c
H(R’), H H 
H(R') ’
2 5 a -2 5 c
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.3 The Solid State Structure of Os3(CO)9(|i3-r|:-C9HgN)({j.-
H) -(24a) Showing The Calculated Position o f the Hydride.
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Table 3 .3  Selected Bond Distences (A) and Angles for 24a.a 
Distances
Os(l)-Os(2) 2.877(1)
Os(l)-Os(3) 2.830(1)
Os(2)-Os(3) 2.762(1)
Os(l)-C(3) 2.37(2)
Os(l)-C(2) 2.23(2)
Os(2)-N(l) 2.16(2)
C(2)-C(3) 1.38(2)
C(3)-C(4) 1.53(2)
C(4)-C(5) 1.52(2)
C(5)-C(6) 1.53(2)
C(6)-C(7) 1.37(2)
C(7)-C(8) 1.33(3)
C(8)-C(9) 1.33(2)
C(9)-N(l) 1.35(2)
C (l)-N (l) 1.31(2)
Os(3)-C(2) 2.13(2)
C(l)-C(6) 1.36(2)
C(l)-C(2) 1.47(2)
Os-COb 1.87
C-Ob 1.14
Os(l)-Os(2)-Os(3) 60.19(3)
Os(l)-Os(3)-Os(2) 61.93(3)
Os(2)-Os(l)-Os(3) 57.89(3)
Os(l)-Os(2)-N(l) 85.8(4)
Os(2)-Os(3)-N(l) 87.0(4)
Os(l)-Os(3)-C(2) 51.0(5)
Os(3)-Os(l)-C(2) 48.0(4)
C(3)-Os(l)-Os(2) 104.7(5)
C(3)-Os(l)-Os(3) 71.2
Os-C-Ob 176.3
a Numbers in parentheses are estimated standard deviations
b Average values
The structure o f  24a (Figure 3.3, Table 3.3) consists o f an isosceles triangle with 
the most elongated metal metal bond between Os(l)-Os(2) equals 2.877(1) A. The hydride 
was located using the program HYDEX.43 The hydride is tucked below the plane o f the
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metal triangle. This calculated position for the hydride is confirmed by the positions cf 
carbonyl groups CO(13) and CO(33). The most interesting aspects o f the structure of24a 
are the carbon-carbon and carbon-nitrogen bond lengths. The N-C(l) (1.31(2) A)and N-C(9) 
(1.35(2) A) indicate that the bonds in the heteroaromatic ring have remained delocalized 
The bond lengths between the remaining atoms in the heteroaromatic ring are all in the range 
of 1.33-1.37 A which further strengthens the contention that this ring is a delocalized system 
The o-tt interaction o f  the C(2)-C(3) bond with O s(l) and Os(3) has somewhat lengthened 
that bond (1.38 A), but the bond length is still within the range of a carbon-carbon double 
bond. The C(5)-C(4) bond is clearly a carbon-carbon single bond. The large thermd 
ellipsoids for C(3) and C(4) suggest some residual motion of saturated carbons in the solid 
state. The assignment o f a a interaction between Os(3)-C(2) bond length 2.13 A and a n  
interaction between (Os(l)-C(2) 2.23 A and Os(I)-C(3) 2.37 A) is consistent with previous 
studies o f o-k  interactions on triosmium clusters.26
These results indicate that the site o f nucleophillic attack is at the C(5) position o f 
the quinoline ring regardless o f the location or presence o f a methyl substituent. Normally 
the site o f electrophillic attack is the 5- and 8- positions, while nucleophillic attack is usually 
at the 2- and 4- positions in free quinolines. Nucleophillic attack and hydrogenation h  
previously reported mononuclear complexes o f quinolines is also at the 2- and 4- 
positions.11"4 Thus the electron deficient bonding in 15a-c has shifted reactivity towards 
nucleophillic reduction from the heterocyclic to the carbocyclic ring. In connection with this 
regiospecific attack, it is interesting that the H(5) protons on 15a-c all show a significant 
downfield shift (0.8 to 1.2 ppm) when compared to the electron precise complexes 9a-c. It
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should also be mentioned that the treatment o f 9a-c with LiBEt3H showed no evidence of 
attack on the quinoline ring (by 'H-NMR) forming only a transient dihydrogen anion which 
liberates H-, on protonation. Furthermore, the previously reported quinoline triosmium and 
triruthenium complexes do not give electron deficient clusters like 15a-c.
A second cycle o f HVFT leads to the reduction of the 7,8-double bond in24a-c to 
yield the dihydride cluster Os:,(CO)9(p3-,n2-CqH7R(R,)N)(|i-H)2(25a-c); (Scheme 3.2). The 
solid state structure o f 25b is given in Figure 3.4, selected bond angles and selected bond 
lengths in Table 3.4. To determine the mechanism o f the second stage reduction we ha\e 
conducted studies using labeled hydride and proton donors.
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Figure 3.4 The Solid State Structure o f  Os3(CO)9(|J.3-r|2-C9H8(4- 
Me)N)(fi-H)2(25b) Showing the Calculated Position o f  the 
Hydrides.
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Table 3.4 Selected Bond Distances (A) and Angles (deg) for 25b.a
Distances
Os(l)-Os(2) 2.975(1)
Os(l)-Os(3) 2.810(2)
Os(2)-Os(3) 2.778(2)
Os(l)-C(8) 2.32(2)
Os(3)-C(8) 2.02(2)
Os(2)-N(l) 2.13(2)
C(l)-C(2) 1.35(3)
C(2)-C(3) 1.42(3)
C(3)-C(4) 1.36(3)
C(32)-C(10) 1.49(3)
C(4)-C(5) 1.47(3)
C(5)-C(6) 1.54(3)
C(6)-C(7) 1.54(3)
C(7)-C(8) 1.52(3)
C(8)-C(9) 1.70(3)
C(9)-C(4) 1.37(3)
C(9)-N(l) 1.43(3)
C (l)-N (l) 1.31(3)
Os-COb 1.94
C-Ob I .10
Angles
Os(3)-Os(l)-Os(2) 57.31(3)
Os(2)-Os(3)-Os(l) 64.32(4)
Os(3)-Os(2)-Os(l) 58.37(4)
C(8)-Os(3)-Os(l) 80.4(6)
C(8)-Os(l)-Os(3) 45.5(6)
N(l)-Os(2)-Os(3) 84.8(5)
C(7)-C(8)-C(9) 105.0(2)
C(7)-C(8)-Os(3) 123(2)
C(7)-C(8)-Os(l) 115(2)
Os-C-Ob 174.7
Numbers in parentheses are estimated standard deviations 
Average values
The structure of 25b consists o f  an irregular triangle o f osmium atoms with the
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shortest bond being between Os(2)-Os(3), 2.762(1) A. This metal-metal bond does not 
contain a bridging hydride. The longest metal-metal bond is between Os(l)-Os(2), 2.877(1) 
A, the hydride bridge is almost in the plane o f the metal triangle resulting in the elongation 
o f that bond. The Os(l)-Os(3) bond is o f intermediate length and has the hydride tucked 
below the metal plane. It is clear from the C(2)-C(3) (1.42(3) A) andC(9)-N(l) (1.43(3) A) 
bond lengths; that the aromaticity o f the heterocyclic ring has not been broken up. The other 
bonds in the heterocyclic ring are <1.37 A within the range o f carbon-carbon and carbon- 
nitrogen aromatic bonds. The bond lengths o f C(5)-C(6), C(6)-C(7), and C(7)-C(8) are h 
the range of 1.52-1.54(3) A and are carbon-carbon single bonds. The C(8)-C(9) is greafy 
elongated 1.70(3) A and is likely due to the electron withdrawing interactions o f the metal 
core, with C(8), and the nitrogen C(9). The thermal ellipsoids o f  carbons C(5), C(6) and 
C(7) indicate a large degree o f  flexibility in the carbocyclic ring. The bonding mode o f  25b 
at the C(8) and N( 1) is similar to that of 24a, but due to the reduction o f the carbocyclic ring 
in 25b, differences in bond lengths are apparent. In 15b C(8) forms an equilateral triangle 
with one edge ofthe triosmium cluster: (Os(l)-C(8), 2.28(2) A) and (Os(2)-C(8), 2.32(2) A)l 
In compound 25b, which clearly has two electron precise a- interactions with O s(l) and 
Os(3) there is significant distortion in the bonds between C(8) and the cluster (Os(I )-C(8), 
2.32(2) A and Os(3)-C(8), 2.02(2) A). This may be due to the conformational requirements 
o f the reduced carbocyclic ring or the higher coordination number on Os(l). The Os(2)-N(l) 
bond length in 25b(2.13 A) is very similar to the Os(2)-N(l) bonds in 15b and 24a (2.13(2) 
and 2.16(2) A). This indicates that the Os-N bond length is relatively insensitive to the 
degree of reduction and to the bonding mode with the cluster o f  the carbocyclic ring.
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3.1.3 Deuterium Labeling Studies of the Reduction of 15, and 24.
The reaction of DVD* with complex 15c gave cis and trans isomers 24c-d2 (Scheme 
3.3). The 'H NMR of 24c shows a multiplet at 2.17 ppm H(6). This multiplet is not evident 
in the 'H NMR o f 24c-d, demonstrating that deuterium incorporation has occurred at the 
C(6) position o f the carbocyclic ring. The 'H NMR o f 24c shows a multiplet at 2.57 ppm 
CH2(5) while in the 'H NMR o f 24c-d, two singlets (2.39 ppm and 2.52 ppm) are observed 
assignable to the cis and trans isomers. When D'/fT is reacted with 15c to give 24c-dh, the 
multiplet at 2.17 ppm H(6) is evident and has a relative intensity equal to that o f the single 
protons in the aromatic region of the spectrum. The multiplet at 2.57 ppm in the 'H NMR 
o f 24c is now two doublets at 2.51 ppm (JH.H = 11.2Hz cis and 2.41 (JH.H = 4.4Hz trans. The 
relative intensity of the two cis and trans doublets is 1:1, indicating that there is no 
steriospecificity during protonation at the C(6) position. This is likely due to the small size 
o f the hydride and proton. Studies with larger nucleophiles and electrophiles currently 
underway in our laboratory reveal that protonation can yield only the cis isomer after 
nucleophilic attack with carbanions.62
Our initial studies on the second stage o f the reduction (i.e., reduction o f the C(7)- 
C(8) double bond) were not conclusive as to the sight o f initial nucleophilic attack.26 Studies 
using labeled hydride and proton donors show that the sight o f nucleophilic attack is 
regioselective at the C(7) position of the carbocyclic ring (Scheme 3.4). When compound 
24b is treated with HVET to form 25b-hd, the chemical shifts and peak multiplicities o f the 
aromatic and aliphatic region of the 'H NMR o f 25b-hd are consistent with the undeuterated 
form o f the quinoline ring in 25b. Changes are observed in the hydride region o f the
Reproduced with permission o fth e  copyright owner. Further reproduction prohibited without permission.
69
spectrum. A set o f  singlets are observed at -13.85 and -13.99 ppm and a set o f  doublets at 
-13.98 and -13.86 in a ratio o f 4 :1. The observation o f  the two doublets indicates that some 
exchange o f deuterium for protons has taken place at the hydride positions during 
chromatographic workup since no evidence of deuterium incorporation is observed in the 
quinoline ring. The intensity of all the hydride peaks relative to the C(2) aromatic peak 
should be 1:2 i f  no deuterium is incorporated at the metal core. It is, however, about 1:1. 
This supports the conclusion that nucleophilic attack is occurring only at the C(7) position 
o f the carbocyclic ring and protonation is occurring at the metal core.
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Scheme 3.3
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Scheme 3.4
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When 24b is reacted with D'/H* to form 25b-dh, the chemical shifts and peak multiplicities 
o f the aliphatic region change while those in the aromatic region remain consistent with 
structure 25b. A decrease in the multiplicity of the resonance centered at 2.64 ppm (m.
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CH-,(5),CH2(7)) is observed in the ‘H NMR o f 25b-dh relative to the peak multiplicities 
observed for 25b. The hydride region o f  the spectrum shows two doublets at -13.72 ppm (d, 
JH.H = 1.2 Hz) and -13.98 ppm (d, JH.H = 1.2 Hz). This is consistent with incorporation o f 
deuterium only at the C(7) position o f  the carbocyclic ring. There is no evidence o f 
deuterium at either hydride position.
When 24c is reacted with DVH~ to form 25c-dh, deuterium incorporation occurs at 
C(7) resulting in two isomers. The deuterium can occupy the C(7) position cis or trans to 
the methyl group at C(6). Both isomers are evident in the 'H NMR 25c-dh (Scheme 1). The 
hydride region of the 'H NMR spectra o f  25c-dh shows two sets o f doublets -13.93 (d, JH.H 
= .8 Hz) and -13.98 (d. JH_H = 0.8 Hz) ppm and -13.22 (d, JH.H = 0.8 Hz) and -13.86 (d, JH.H 
= 0.8 Hz) ppm relative intensity o f 2:1. The aromatic region of the 'H  NMR spectrum o f 
25c-dh also shows two sets of aromatic resonances in a relative intensity o f 2:1. The 
aliphatic region of 25c-dh shows a multiplet at 2.59 ppm for CH2 (5) and CHD (7) and a 
multiplet H(6) at 1.23 ppm. A decrease in multiplicity is observed at 2.59 ppm for 25c-dh 
relative to the 'H NMR spectra o f 25c. All these data are consistent with formation o f the 
proposed cis and trans isomers. It would appear that there is a slight preference for one o f 
the two isomers formed but owing to the overlap o f resonances in the aliphatic region o f the 
‘H-NMR it is not possible to tell which is which.
3.1.4 High Pressure Hydrogenation of 15a-c and 24a-c.
We have also examined the reactivity o f 15a-c and 24a-c with both H2 and D2. As 
mentioned previously compound 15c reacts with H2 at relatively mild temperatures and
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pressures (75 °C and 100 psi) to form a mixture o f  isomeric trihydrides Os3(CO),,(g-H)3(g -rf- 
C,Hs(4-Me)N) (22b) and Os3(CO)qH(p-H)2(p-'n2-C9H5(4-Me)N) (22b' and 22b"). If  this 
reaction is done at higher temperatures and pressures, dissociation o f the ligand from the 
metal core occurs and no evidence o f the reduction o f the quinoline ring is observed. If, 
however, the partially reduced clusters 24a-c are reacted with H2 at high pressures and 
moderate temperatures (75 °C and 1000 psi), reduction to 25a-c is observed in high yield 
(>75%). When 24a is reacted with D2 to form 25a-d2, incorporation o f the deuterium is 
observed at both the metal core and at the quinoline ligand (Equation 3.2).
Equation 3.2
24a 25a-d2
The aromatic region o f  'H NMR o f 25a-d2 remains identical to that o f 25a. The aliphatic 
region shows a decrease in peak multiplicity and intensity for the CH2 (7) multiplet when 
compared to the 1H NMR spectrum of 25a. The primary changes occur in the hydride region 
o f the spectrum. A multiplet is observed at 6 -13.73 and a singlet is observed at 6 -13.93. 
The splitting pattern observed in one of the hydride regions o f 25a-d, is due to the existence 
o f isotopomers where the chemical shift of the hydride below C(7) is perturbed. The overall 
integration o f both the hydrides with aromatic resonances is 1:1. Deuterium NMR o f 25a-d2 
showed evidence of deuterium incorporation in only the hydride and in the aliphatic region
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at CH-, (7). These results suggest that reduction of 2a with D, is not reversible since residual 
hydrogen is still on the metal core after exposure to a large excess o f deuterium.
Without kinetic studies it is difficult to outline a precise mechanism for the 
apparently irreversible reduction o f 24 to 25 with H2. A likely possibility is reversible rate 
determining addition o f H2 to the cluster to form a trihydride intermediate which then 
undergoes rapid hydrogen transfer to C(7). Selective transfer o f deuterium over hydrogen 
would be expected based on the lower zero point energy for the resulting C-D bond (Scheme 
3.4). We cannot rigorously exclude a radical chain reaction or a concerted H2 addition across 
the cluster ligand interface, but these seem like less likely pathways in light o f the related 
chemistry o f the reduction o f 15a-c with H2.
3.2 Selective CO Incorporation into 15.
The regioselective formation of 20b from 15b prompted us to investigate whether 
reaction with CO is also regioselective. When a sample o f 15b is exposed to 1 atm of ljCO 
and the 13C NMR monitored within 30 minutes, selective enrichment into one position at 
177.23 ppm is observed. Seven additional resonances at 183.57, 182.58, 177.41, 176.81, 
176.60, 175.75 and 175.40 ppm all in a relative integrated intensity o f 35-40% o f the 
resonance at 177.23 ppm. In addition, two resonances at 177.14 and 175.28 ppm appear in 
a relative intensity o f <10% o f the resonance at 177.23 ppm (Figure 3.5a). After standing 
at ambient temperatures for ~2 days, all ten resonances appear at approximately equal 
relative intensities (Figure 3.5b). This spectrum is identical with the natural abundance o f 
l3C NMR of 15b. A complete and unambiguous assignment o f all ten resonances can be
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made from analysis o f the proton coupled spectrum, the 2D-ljC EXSY spectrum (Figure 3.6) 
and from trends in the l3C NMR data in related triosmium clusters. The resonances at 
183.57, 182.58, 177.41 and 174.75 ppm can be assigned to the Os(CO)4 group in 
Os3(CO)I0(p-'n2-C9H5(4-CH3)N(p.-H) (9 'b) from the 2D l3C EXSY cross peaks which 
indicate the presence o f a sequential two-stage tripodal motion as previously observed in 
related decacarbonyl triosmium clusters.43 These resonances show no hydrogen coupling and 
are slightly broadened at ambient temperatures. No cross peaks are observed for the other 
six resonances. These resonances can be assigned from the relative magnitude o f their 
hydrogen couplings.10 Thus, the resonance at 176.60 ppm can be assigned to the CO trans­
it) the hydride on the osmium atom bound to nitrogen (2J ( I3C'H) = 12.1 Hz). This 
assignment is based on analogy with a large number o f triosmium complexes having an edge 
doubly bridged by a hydride and a nitrogen heterocycle. In several cases where the bridging 
hydride has been located, the bridge is asymmetric with the metal hydride bond being much 
shorter to the nitrogen bound metal and exhibiting larger 2J(|JC 'H) to the carbonyls.63 The 
carbonyl trans- to the hydride on the osmium atom bound to carbon can be assigned to the 
resonance at 175.75 (2J(I3C'H) = 9.1Hz). The radial carbonyls cis- to the hydride on the 
carbon and nitrogen bound osmium atoms can be assigned to the resonances at 177.23 
(2J ( I3C'H) = 3.8 Hz) and 176.80 ppm (2J(I3C'H) = 4.5 Hz) respectively while the axial 
carbonyls on these respective osmium atoms can be assigned to the resonances at 177.14 
(2J(I3C‘H) < 1Hz) and 175.28 ppm (2J’(,3CI H) = 3.0 Hz). These latter assignments utilize the 
trend: 2J (l3C'H) radial-frans > radial-cz's > axial.43 The complete assignment is illustrated 
in Figure 3.5a.
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Figure 3.5a. Proton decoupled |JC-NMR at 100MHz in CDC13 o f Os3(CO)q(|i3-r|2-(4- 
CH3)C9H5N)(p-H) 15b in the carbonyl region after exposure to I atm of 90% l2CO: a) 
within 30 minutes after exposure, b) 2 days after exposure (large peak is free CO).
T T TT
180184
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Figure 3.6 l3C-EXSY spectrum of Os3(CO)Q(p3-,n2-(4-CH3)C<}H5NX|i-H) 15b after 
exposure to l3CO for 2 days in the carbonyl region at 100MHz in CDCl3 at 50°C (large 
peak is free CO)
177-
1 * 3 -
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1* 6 -
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Given these assignments, the radial carbonyl group cis- to the hydride on the osmium 
atom bound to C(8) o f the quinoline ring is the most enriched while the axial carbonyls 
on the doubly bridged edge o f  the cluster are the least enriched.
If one considers initial attack at the electron deficient doubly bridge edge of lb , four 
isotopomers would be obtained (structures A, B, C, and D; Scheme 3.5). The expected 
initial relative populations o f these isotopomers would be A>B~C>D based on the two stage 
tripodal motion demonstrated for this type of Os(CO)4 group.'’3 From these initially formed 
isotopomers, three processes could occur which result in the formation o f 9'b: I) hydride 
migration; 2) carbon and hydrogen migration; 3) nitrogen and hydrogen migration. Simple 
hydrogen migration would leave all o f the label on the Os(CO)4. Carbon and hydrogen 
migration from the most populated isotopomer coupled with a "merry-go-round" 
intramolecular carbonyl migration in a plane perpendicular to metal triangle would move the 
label into a radial position cis- to the hydride.40 This rearrangement is likely the fastest, but 
nitrogen and hydrogen migration (pathway 3) must also be accessible since significant 13CO 
incorporation is also seen at nitrogen bound osmium atom. Similar rearrangements from 
isotopomer B would leave the label unchanged (carbon migration) or move it to the axial 
position (nitrogen migration) and vice-versa for isotopomer C. Note that for isotopomer D, 
both carbon and nitrogen migration would move the label off the doubly bridged edge o f 9'b.
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Scheme 3.5. Mechanism of CO incorporation into Os3(CO)9(p3-r|2-C9H5 (4-CH3)N)(p- 
H )15b.
a * - 4 ^
B
N
D
CM migration Nmigration
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This fact along with the initial lower population o f D would account for the lower 13CO 
incorporation in the axial positions on the doubly bridged edge. We cannot exclude the 
possibility that other exchange mechanisms, such as an in-piane merry-go-round carbonyl 
migration, are also operative. However, this process must be slower or no selective 
enrichment o f carbonyl d (Figure 3.5) would be observed. We have recently demonstrated 
very similar rearrangements o f the ji3 to p rearrangements oftrimetallic imidoyl complexes.64 
Randomization of the label could occur by slower axial-radial scrambling a t the doubly 
bridged edge or by intermolecular processes or both. The greater facility o f carbon migration 
apparently observed here is consistent with its ability to form a three-center two-electron 
bond as in 15. It may well be that the inability o f 20b to form analogs o f 15 arises from the 
impact the phosphine has on the migratory aptitude o f the C(8) carbon o f  the quinoline ring.
3.3 Electrochemical Studies o f 15.
Compounds 15a-15c are closely related to the green 46e* cluster Os;,(CO)g(p3- 
ri3(C6H5);,PCH2P(C6H5)(C6H4)(p-H) in that both possess a bridging phenyl bound to the 
cluster by a three-center two-electron bond.65 The electrochemistry o f this diphosphine 
derivative has been studied in detail and exhibits a le ' chemically irreversible reduction at 
-1.18. ESR studies revealed that these reductions were metal based. In view o f  the fact that 
hydride and carbanions attack 15a-15c at the 5- position of the quinoline ring while 
phosphines, amines, and H2 react at the metal core, we thought it would be instructive to 
examine the electrochemical behavior o f  15a.62
Polarographic response o f 15a was investigated by our collogues, R. Gobetto, L.
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Milone, D. Osella, M. Botta and W. Dastru at the Universita' di Torino. Turin Italy; in a 
dichloromethane solution, containing [Nbu4]~ [PF6]' as supporting electrolyte, and ferrocene 
(Fc) as an internal standard. Two le ' metal-centered reduction waves (A and B, 
respectively) are observed at E1/2(A) - -1.38, and E1/2(B) = 1.99 V vs Fc, confirming the 
overall electronic unsaturation of the 46e cluster 15a. Polarographic logmetric analysis 
indicates the Nemstian behavior of the first reduction process (60 mV slope o f the log-plot), 
while the second process appears slightly irreversible. The le ' consumption associated with 
wave A was further checked by controlled potential coulometry at a mercury pool (Eapp, =
1.4 V us Fc). The total disappearance of the second wave B after le electrolysis indicates that 
the first reduction produces a very unstable 47e' intermediate. The kinetics o f the chemical 
reaction coupled with the first le reduction (wave A) was evaluated by using a.c. 
polarography: the analysis o f the data provided a rate constant o f the homogeneous chemical 
reaction k, - 910 s '1, and a reversible half-wave potential EI/2(A) - 1.35V vs- Fc. Similar 
treatment for the second wave B showed ever higher instability o f the 47e species: k2 = 3000 
s ' 1.
More informative is the cyclic voltammetric (CV) response o f I5a in acetonitrile 
solution. (Figure 3.7). Two le reduction peaks are observed at Ep(A) = 1.36 and Ep(B) - 
-2.02 V vs Fc, respectively (scan rate 200 mV s '1). These two metal-centered reductions 
show no associated reoxidation peaks at scan rates as high as 50 V and temperatures as low 
as -20 °C, confirming the fast chemical complications following both reductions. 
Reoxidation peaks o f decomposition products appear at anodic potentials.
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Figure 3.7
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. A third reduction process (C), almost chemically reversible, appears at Ep = -2.65 V vs Fe, 
a behavior very similar to that exhibited by free quinoline (tested in identical experimental 
conditions). This seems to suggest that the nature o f the aromatic ring remains relatively 
unperturbed upon coordination after 2 e' reduction at the metal core. This overall behavior 
is not very similar to that observed for the diphosphine derivatives referred to above.65
The diphosphine derivatives are easier to reduce overall and show reversible behavior 
for the first 1 e' reduction. It would appear that 15a is subject to very rapid decomposition 
even after the first 1 e' reduction. This could be ascribed to the greater stability o f the metal 
phosphorous interactions relative to the metal-carbon and metal-nitrogen bonds in 15a. On
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the other hand, two le ' electron reductions are realized for 15a at < -2.00 V as expected for 
a 46e' species, while the diphosphine derivatives show only a single 1 e' reduction in this 
range. It would be interesting to see if the bridging phenyl groups in Os3(CO)g(p3-T|J- 
Ph:PCH;!PPhC8H4)(|i-H) exhibits the same reactivity towards nucleophiles as that observed 
for 15.
3.4 Ligand Dynamics of 24.
The complexes 24a-24c belong to the class cluster derivatives known as p-rp-a-Tt- 
vinyl compounds, a characteristic feature o f  this bonding mode is the facile a-n- 
interchange.66 67 Compounds 24a-24c have the additional feature o f having the vinyl group 
as part of a relatively rigid ring system and is tethered to the third metal atom via a very rigid 
fused second ring. We were curious as to whether these additional structural constraints 
would influence the barrier to the a-ir-interchange and so undertook a variable temperature 
,3C NMR study of 24b to investigate this point. The variable temperature 13C NMR o f 24b 
is shown in Figure 3.8. At -80 °C, nine resonances o f equal relative integrated intensities are 
observed, as expected for the static C, symmetry o f 24b, at 186.32, 185.17, 183.43, 182.60,
179.96, 178.89, 177.87, 177.35 and 171.4 ppm. As the temperature is increased, these 
resonances broaden and coalesce to five resonances at +22°C at 186.09, 182.60, 180.48,
178.96. and 175.36 ppm (relative integrated intensity = 2:1:2:2:2) as would be expected from 
the plane o f symmetry introduced by the cr-Tt-vinyl interchange. This motion should 
interchange pairs of carbonyls only. Although this is not obvious from the VT-I3C NMR due 
to fortuitous overlap o f resonances in the intermediate exchange regime, it is very clear from
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the 2D-1JC EXSY spectrum at -80 °C (Figure 3.9). A line shape analysis o f  the average o f 
the two most down field resonances which are involved in the pairwise exchange gave an 
activation energy of 39.7 = 2 kJ/mole. Using a coalescence temperature o f  -65°C, an 
activation free energy o f 41.0 ± 2 kJ/mole is obtained. These values are slightly lower than 
those reported for acyclic o-rc-vinyls (43.0 to 47.2 kJ/mole).67 This slightly lower value 
could arise from the ring puckering observed in 24b (Figure 3.3 ) which would raise the 
energy o f the ground state relative to the acyclic cr-7t-vinyl complexes previously repotted. 
Figure 3.8. VT-,3C-NMR o f 24b in the carbonyl region at 100MHz in CD2CI2
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Figure 3.9. i;,C-EXSY spectrum o f 24b at -80°C at 100 MHz in CD:Cl2
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3.5 Experimental Section
3.5.1 General Considerations.
All reactions were performed under a dry nitrogen atmosphere. Dichloromethane was 
distilled from CaH2 prior to use. Quinoline (Aldrich) and 1,2,3,4-tetrahydroquinoline 
(Aldrich) was vacuum distilled from CaH2. Triflouromethanesulfonic acid and 
lithiumtriethlborohydride were purchased from Aldrich. Osmium carbonyl was purchased 
from Strem Chemicals. Thin layer chromatography was performed on 20x40 cm glass plates 
using a 2mm layer o f silica gel PF-254 (E&M Science). Two or three elutions were 
necessary to obtain adequate resolution o f the bands. NMR solvents were stored over 
molecular sieves (Mallincrodt 4A). Reactions involving deuterated compounds were done 
in a M-Braun manual MB-150-M dry box. Hydrogenations were done in a Parr 50 ml 
Kinetic Hydrogenator. Infrared spectra were recorded on a PE-1420 spectrophotometer. 
NMR spectroscopy was done on a Varian Unity Plus 400 MHz NMR or a Jeol EX400 NMR. 
Solid state structures were performed by the group of K.I. Hardcastle at the California State 
University, Northridge.
3.5.2 The reaction of Os3(CO)I0(CH3CN)2 with quinoline, 4-methylquinoIine, and 6- 
methylquinoline.
To freshly distilled CH2C12 (250 ml), (400 mg, 0.429 mmol) o f (^ (C O ^ C H jC N ), 
and (2l0ul, 1.485 mmol) quinoline were added and stirred at 25°C for four hours. The 
solvent was rotary evaporated and the residue chromatographed by TLC on silica gel. 
Elution with hexane/CH2Cl2 (10:3, V/V) gave one major band and one minor band. The
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faster moving yellow minor band gave Os3(CO)I0(|i-ri:!-C;H6N)((i-H) (14) as yellow powder 
(30mg, 7.1% ). The slower moving yellow band gave O s3(C O )10(|i-Ti2-CgH6N )(p -H ) (9) as 
yellow powder (353 mg, 84%).
Spectroscopic data for 9a-9c
‘H-NM R o f 9a at 400MHz in CDC13, 8-12.56 (hydride), 9.42 (dd,H(2)), 7.16(dd, 
H(3)), 8.15(dd, H(4)), 7.25 (dd, H(5)), 7.37 (dd, H(6)), 8.51(dd, H(7)). 'H-NM R o f 9b at 
400MHz in CDCl3, 8-12.53 (hydride), 9.27 (d,H(2)), 7.0 l(d, H(3)), 7.57 (dd, H(5)), 7.24 (dd, 
H(6)), 8.51(dd, H(7)), 2.66(s, CH3) 'H -N M Rof 9c at 400MHz in CDCl3, 6-12.71 (hydride), 
9.30 (dd,H(2)), 7.l0(dd, H(3)), 8.03 (dd, H(4)), 7.15 (d, H(5)), 8.32 (d, H(7)), 2.66(s, CH3) 
I3C-NMR o f 9a at 100MHz (carbonyl region, CDC13) 8-183.50 (1C), 182.69(IC), 177.33 
(1C). 177.16(Jc.h< 1 H z , 1C), 177.08(JC.„ = 3.8 Hz, 1C), 176.74 (JC.H =4.6 Hz, lC),176.35(Jc. 
H= 12.1 Hz. IC).175.64(1C), 175.32 (JC.H = 9.1 Hz, 1C), 175.2 l(Jc.H = 1.0 Hz, 1C).
3.5,3 The photolysis of Os3(CO)l0(p-r)I-C9H6N)(p-H)(9a-9c).
To freshly distilled CH2Cl2 (354mg, .361 mmol) o f Os3(CO)10(p-Tf-C<,H6N)(g-H) 
(9a) were added. The solution was photolysed for 4 hours in a Rayonet photochemical 
reactor RPR 3000°A. The solution color changed from yellow to dark green. The solvent 
was rotary evaporated and the residue was chromatographed by TLC on silica gel. Elution 
with hexane/CH2Cl2 (10:1, V/Vj gave two major bands the faster yellow band was starting 
material, the slower green band gave O s^CO ^g-rp-Q H gN ) (15a) (323 mg, 94%. The same 
procedure was followed for 15b (73% overall yield) and 15c (70%. overall yield).
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Spectroscopic data for 15a-15c.
'H-NMR o f  15a at 400 MHz in CDCl3, 8-12.06 (hydride), 9.28 (dd, H(2), 7.l3(dd, 
H(3)), 8.05(dd, H(4)), 8.45(dd. H(5), 7.21 (dd, H(6)), 8.60 (dd, H(7)). 'H-NMR o f 15b at 
400 MHz in CDCl3, 8-12.05 (hydride), 9.12 (d. H(2), 6.95(d, H(3)), 8.32(dd, H(5)), 7.25(dd, 
H(6)), 8.55 (dd, H(7)), 2.71(s, CH3) ‘H-NMR o f 15c at 400 MHz in CDCt3, 8-12.15 
(hydride), 9.17 (dd, H(2), 7.07 (dd, H(3)), 7.95 (dd, H(4)), 7.98 (d, H(5), 8.38 (dd, H(7)), 
2.60 (s, CH3) i3C-NMR o f 15a at 100MHz (carbonyl region. CDC13, 0°C) 8-191.32 (2C), 
182.87(IC), 180.64 (JC.H= 2.1Hz, IQ , 178.51 (JC.H = 3.8 Hz, 2C), 175.09 (Jc.„ = 9.8 Hz, 
2C).
3.5.4 The reaction o f Os3(CO)9(p-H)(p3-Ti2-C9H6N) with PPh3 and POEt3.
Dark green crystals o f  Os3(CO)q(p-H)(p3-Ti2-CqH6N) (15a) (100 mg, 0.105 mmol) 
were dissolved in 50 ml CH2Cl2. To this solution PPh3 (31.5 mg, .0120 mmol dissolved in 
CHjCU ) was added dropwise. A color change was observed from dark green to yellow- 
orange. The solvent was rotary evaporated and the residue chromatographed by TLC. 
Elution in hexane/CH2Cl2 (10:3, V:V) gave one yellow band Os3(CO)q(PPh3)(p-H)(p-'n;!- 
CqHgN) (20a) as a yellow oil (121 mg, 95%). The triethylphosphite derivative was prepared 
by the same method and gave Os3(CO)9(POEt3)(p-H)(ju-ri;!-CqH6N) (20b) as yellow crystals 
(90%).
Spectroscopic data for 20a and 20b.
'H-NMR o f 20a at 400 MHz in CDCl3, 8-11.63 (d, JP.H =15.6 Hz, hydride), 9.44 (dd. 
H(2), 7.11 (dd. H(3)), 8.10 (dd, H(4)), 7.16 (dd, H(5)), 6.76 (dd, H(6)), 7.90 (dd. H(7)). 'H-
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NMR of 20b at 400 MHz in CDC13, 5-12.32 (d, JP.H =13.6 Hz, hydride) 9.29 (d, H(2), 6.91 
(d, H(3)), 7.37 (dd, H(5)), 7.13(dd, H(6)), 8.45 (dd, H(7)), 2.60 (s, CH3). 13C-NMR o f 20a 
at 100MHz (aromatic region), I60.57(s, C(9)), 157.95 (s. CH), 152.00 (d, C(8), JP̂  = 10 Hz), 
149.42 (d, C(7) o f Ph, Jr .P =6Hz), 140.47 (s, CH), 134.25 (d, C (l) o f Ph, V = 4 9 .3  Hz), 
127.68 (s, CH), 122.34 (s, CH, 119.71 (s, CH); (carbonyl region, CDC13, 0°C) 6-185.73 (d, 
JC.P= 6.1Hz), 184.52 (s), I84.22(s), 182.53 (dd, JC.P = 4.5 Hz, JC.H = 7.5 Hz), 177.95 (d, JC.H 
=l3.7Hz), I77.87(s), 177.68 (d, JC.H=3.1 Hz), 176.54(s).
3.5.5 High Pressure hydrogenation of Os3(CO)9(h-H)(ji3-T)2-C9H5(4-CH3)N).
Dark green crystals o f 15b Os3(CO),(g-H)((i3-ri2-C9HgN) (90mg, .100 mmole) was 
dissolved in 25mL CH,CU and transferred to a Parr Kinetic Hydrogenator. The pressure 
vessel was sealed and flushed with hydrogen gas for three minutes. The hydrogenator was 
then placed in an oil bath at 75°C and the pressure was raised to 100 psi. The reaction was 
allowed to proceed for 10 hrs. The vessel was allowed to cool and pressure was released to 
atmospheric pressure. Solvent was removed on a rotary evaporator and the residue 
chromatographed by TLC in hexane/CH2Cl2; ratio 3:1. The faster moving band gave 
Os3(CO)q(g-Tf-C9H5(4-CH3N)(p-H)3 (22b) and Os3(CO)9(p-rr-C 9H5(4-CH3N)(p-H)2H 
(22b'and 22b") (70 mg. 75% yield). The slower moving band gave starting material (5%). 
Spectroscopic data for 22b, 2 2b ',and 22b".
‘H-NMR of 22b (57% of mixture)at 400 MHz in CDCl3, 6-l3.40(d, JH.H =3.6 Hz. 
hydride). -13.62 (dd. JH.H =3.6 Hz, hydride), -13.86 (d, JH.H =3.6 Hz, hydride) 8.80 (d, H(2), 
7.20 (d. H(3)), 7.72 (dd, H(5)), 6.97 (dd, H(6)), 8.00 (dd, H(7)), 2.66 (s, CH3). ‘H-NMR of
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22b' (25%) at 400 MHz in CDCl3, 6-9.04 (dd, JH.H =10 Hz, 3.2 hydride), -10.64 (d, JH.H =10 
Hz, hydride), -13.62 (d, JH.H =3.2 Hz, hydride) 8.98 (d, H(2), 7.08 (d, H(3)), 8.17 (dd, H(5)), 
6.97 (dd, H(6)), 8.51 (dd, H(7)), 2.67 (s, CH3). ‘H-NMR o f 22b" (18%) at 400 MHz in 
CDCl3, 6-10.30 (s. hydride), -11.13 (d, JH.H =12.4 Hz, hydride), -12.92 (d, JH.H =12.4 Hz, 
hydride) 9.12 (d, H(2), 7.15 (d, H(3)), 8.40 (dd, H(5)), 6.97 (dd, H(6)), 8.64 (dd, H(7)), 2.70 
(s, CH3).
3.5.6 The reaction of Os3(CO)9(fi-H)(p3-r|2-C9H5(6-CH3)N) with LiEt3BH.
To 20mg (0.020 mmol) of Os3(CO)9(|i-H)(^3-ri2-QH6N) in 0.6ml CD, Cl, in an NMR 
tube was added 20(iL of a IM solution of LiEt3BH in THF. ‘H-NMR showed complete 
conversion to Os3(CO)9(ji-ri2-C9H7N)((i-H)' 23a. In the case o f 23a and 23b the methylene 
resonance was obscured by the THF. The resonance was first observed by a COSY 
crosspeak with H(6) and then directly observed by evaporation of the solution under nitrogen 
and redissolution in CDC13.
Spectroscopic data for 23a, 23b, and 23c.
'H-NMR of 23a at 400 MHz in CDC13, 6-14.30 (s, hydride), 8.31 (dd, H(2), 6.26 (dd, 
H(3)), 6.93(dd, H(4)), 4.19 (dt, H(6)), 5.57 (dt, H(7)), 3.85 (br,CH, (5)). 'H-NMR of 23b at 
400 MHz in CDC13, 6-14.33 (s, hydride), 8.19 (d, H(2), 6.12 (d, H(3)), 4.21 (dt, H(6)). 
5.79(dt, H(7)). 1.78 (s. CH3), 3.74 (br. CH;) 'H-NMR o f 23c at 400 MHz in CDC13, 6-14.22 
(s, hydride), 8.27 (dd. H(2), 6.18 (dd, H(3)), 6.88 (dd, H(4)), 5.61 (s, H(7)), 1.40(s, CH3), 
3.67 (s. CH,) '-’C-NMR of 23b at 100MHz 6-192.6 (2C), 187.9 (1C), 186.3 (2C. br), 
183.5(2C,br), 183.5 (2C.br), 181.2 (2C, br).
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3.5.7 The reaction of Os3(CO)9(p-H)(p3-Tr-CgH5(6-CH3)N) with LiEt3BH and 
CF3SO3H.
Dark green crystals o f  Os3(CO)9(p-H)(p3-r|2-CgH6N) (15) (100 mg, 0.104 mmol) 
were dissolved in 30 ml CH2C12 in a dry box. A IM solution o f  LiEt3BH (150 uL, 0.150 
mmol) in 20 ml CH2Cl2 was then added dropwise to the cluster solution and a color change 
was observed from dark green to light yellow. The solution was then neutralized with 
CF3S 0 3H (1 5 uL, 0.15 mmole). A color change was observed from light yellow to orange. 
The solution was removed from the dry box and the solvent was removed in vacuo. The 
residue was then chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (3:1) 
gave two resolved bands. The faster moving band gave Os3(CO)9(p-H)2(ji3-r)2-C9H9N) (7 
mg, 8% yield) (25). The slower moving band gave Os3(CO)9(|i-H )(p3-'n2-CqH8N) (24)(67 
mg, 70%).
Spectroscopic data for 24a, 24b, and 24c.
'H-NMR of 24a at 400 MHz in CDCl,, 6-16.96 (s, hydride), 8.42 (dd, H(2), 6.80 (dd, 
H(3)), 7.39 (dd, H(4)), 4.14 (t. H(7)), 2.55 (m, CH2(5)), 2.21 (m.CH2 (6)). 'H-NMR o f 24b 
at 400 MHz in CDCl3, 6-16.98 (s, hydride), 8.25 (d, H(2), 6.63 (d, H(3)), 4.19 (t, H(7)), 2.08 
(s, CH3), 2.57 (m. CH2(5)), 2.18 (m. CH2(6)) 'H-NMR of 24c at 400 MHz in CDC13, 6- 
17.00 (s, hydride). 8.40 (dd, H(2), 6.77 (dd, H(3)). 7.35 (dd, H(4)), 2.17 (m, H(6)), l.27(s. 
CH3), 3.71 (d. H(7)), 2.45 (m. CH2(5)> ,3C-NM Rof24a at 100MHz 6 185.95 (2C), 181.91 
(1C). 179.97 (2C), 178.81(2C), 175.13(2C,). Hydrocarbon region 6 171.05(Q, 153.02(CH), 
133.86(CH), 132.67(C), 122.98CH), I01.56(C)86.47(CH), 30.21(CH2).
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Spectroscopic Data for 24c-d2 and 24c-dh.
'H  NMR of 24c-d, at 400MHz in CDC13 6 -I7.01(s, hydride, 8.,40(dd, H(2)), 
6.77(dd, H(3)), 3.7l(s, H(7)), 7.36(dd, H(4)), 3.70(s, H(7)), 1.27(s, CH3), 2.41(s, CDH(5)), 
2.54(s, CHD(5)). 'H NMR of 24c-dh both isomers at 400 MHz in CDCl3 6 -I7.00(s, 
hydride), 8.40(dd, H(2)), 6.77(dd, H(3)), 7.35(dd, H(4)), 2.17(m, H(6)), 3.71(d, H(7)), 
I.27(d,H(7)), 2.4(d, H(5)) cis JH.H = 4.4Hz, 2.52(d, H(5)); trans JH.H = 11.2Hz.
3.5.8 The reaction of Os3(CO)9(|i-H)(p.-ri2-C9H7(4-CH3)N) with LiEt3BH and
c f 3s o 3h .
Orange crystals o f Os3(CO)9(|i-H)(|i-TT-C9H7(4-CH3)N) (24b) (75 mg, .077 mmole) 
was dissolved in 20 mL distilled CH2Cl2 in a dry box. A l.OM solution of LiEt3BH (lOOuL 
0.1 mmole) in !5mL CH2C12 was then added dropwise to the cluster solution and a color 
change was observed from orange to light yellow. The solution was then neutralized with 
CF3S 0 3H (1 luL. 0.11 mmole). The solution was then removed from the dry box and the 
solvent removed under vacuum. The residue was chromatographed by TLC on silica gel. 
Elution with hexane/CH2Cl2 (3:1) gave two bands. The faster moving band gave 
Os3(CO)9(p-H)2(|i3-r|2-C9H8(4-CH3)N) in (53mg, 70% yield)(25b). Compounds 25b-hd, 
25b-dh, and 25c-dh were also prepared according to the above method.
Spectroscopic Data Compound 25b.
'H-NMR of 25b at 400 MHz in CDC13, 5 -I3.85(d, J„.H = 1.2, hydride), -13.98(d. JH.H 
= 1.2, hydride), 8.05(d, H(2)), 6.28(d. H(3)), 2.03(s, CH3), 2.64(m, CH2(5), CH:(7)). 1.68(m, 
CH:(6)), 'H NM R of 25b-hd at400M Hz in CDC13, 6 -I3.85(s, hydride). -I3.99(s. hydride).
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isotopomer-I3.86(d, JH.H =  1.2, hydride), I2.98(d, JH.H = 1.2, hydride), 8.05(d, H(2)), 6.28(d, 
H(3)), 2.03(s, CH3), 2.63(m, CH2(5), CH2(7)), 1.68(m, CH2(6)). 'H  NMR of 25b-dh at 
400MHz in CDCl3, 8 -L3.72(d, JH.H = 1.2, hydride), -13.98(d, JH.H = 1-2), 8.09(d, H(2)), 
6.35(d, H(3)), 1.98(s, CH3), 2.63(m, CH2(5), CHD(7)), 1.8 l(m, CH2). 'H N M R of5c-hd at 
400MHz in CDCI3, 8 -I3.22(s, hydride), -I3.86(d, hydride), 8.15(d. H(2)), 6.37(dd, H(3)). 
7.23(d, H(4)), 2.61(m, CH2(5), CDH(7)), 1.24(tn, H(6)), 1.53(d, CH3). 3c-dh at 400MHz in 
CDC13, 8 -13.93(d, JH.H =  1, hydride), -I3.98(d, JH.H = 1, hydride), 8.17(d, H(2)), 6.42(dd, 
H(3)), 7.23(d, H(4)), 2 .6 l(m, CH2(5), CDH(7)), 1.24(m, H(6)), 1.53(d. CH3).
3.5.9 The Hydrogenation o f 24a-c.
Orange crystals o f 24a Os3(CO)g(|i-H)(|i-rp-C9H8N) (lOOmg, .106 mmole) was 
dissolved in 25mL CH2C12 and transferred to a Parr Kinetic Hydrogenator. The pressure 
vessel was sealed and flushed with hydrogen gas for three minutes. The hydrogenator was 
then placed in an oil bath at 75°C and the pressure was raised to 1000 psi. The reaction was 
allowed to proceed for 22 hrs. The vessel was allowed to cool and pressure was released to 
atmospheric pressure. Solvent was removed on a rotary evaporator and the residue 
chromatographed by TLC in hexane/CH2Cl2; ratio 3:1. The faster moving band gave 
Os;,(CO)<,(p-H)2(p3-r|2-Q  Hg N) (70 mg. 69% yield) (25a). The slower moving band afforded 
Os3 (COUp-HXp-Ty-QHgN) in (4 mg. 5% yield); 24a and 25a-d, was also prepared by the 
above method (75% yield).
Spectroscopic Data Compound 25a-d2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
‘H NMR o f 25a-d2 at 400MHz in CDC13, 5 -13.73 (m, hydride), 8.17(d, H(2)), 
7.17(d, H(4)), 6.4l(t, (3)), 2.72(m, CH2(5), CH2(7)), 1.72(tn, CH2(6)), -13.95(s, hydride). 
Deuterium NMR o f25a-d, in CH2CI2, 6 -13.78 (2 singlets partially resolved) and 2.62 (broad 
singlet).
3.5.11 Crystallization of 15b, 20b, 24a and 25b.
Crystals o f 15b, 20b, 24a and 25b for X-ray examination were obtained from 
saturated solutions of each in hexane/dichloromethane solvent systems at -20°C.
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Chapter 4
The High Pressure Hydrogenation o f Os3(CO)9(p-H)2(ji3-Ti2)(C9H9N) (6) 
and Os3(CO)9(^ H )2(p3-Ti2)(C9H9N) (7).
Metal cluster complexes o f Os3(CO )I2 and Ru3(CO)12 with quinoline and 
tetrahydroquinoline as ligands have been previously examined under high pressure 
hydrogenation conditions. Studies with both heterogeneous and homogeneous catalysts, 
have shown that the first step in the HDN o f quinoline is the reduction o f the heterocyclic 
ring.2-3 The second step, the cleavage o f the C-N single bond, has not been observed 
homogeneously with polycyclic aromatic amines. Tetrahydroquinoline is an ideal substrate 
for examining the second step in the HDN process. When tetrahydroquinoline is coordinated 
to the metal cluster at the nitrogen and the C(2) position o f the heterocyclic ring, is subjected 
to moderate pressures o f H2 and temperatures o f  100 °C-150 °C. dehydrogenation and 
aromatization o f the heterocyclic ring is the dominate pathway. In light o f the fact that 
coordination o f only the heterocyclic ring did not result in C-N bond cleavage we thought it 
would be useful to examine the hydrogenation o f  the tautomeric compounds 6 and 7 in which
95
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both the heterocyclic ring and carbocyclic ring our bound to the cluster. Herein we report 
the hydrogenation o f compounds 6 and 7 in a variety o f solvents, pressures, and in the 
presence and absence o f acid.
4.1 Results and Discussion.
The slow interconversion (half life 6 to 7 about 8.3 h.) between tautomers allowed 
us to examine their individual reactivity towards hydrogenation. Initial studies o f the 
hydrogenation o f 7 in hydrocarbon solvents using a large scale (1 L) Parr Hydrogenator 
(1000 psi H2 and 90°C) showed evidence, (GC/MS comparison of retention time and 
cracking pattern) o f the formation o f the C-N bond cleavage product 2-propylaniline (Figure 
4.1). 2-propylaniline, however, was only a very minor product o f the hydrogenation, with 
the major products being quinoline and tetrahydroquinoline.
Figure 4.1
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With this initial result we thought it would be helpful; to examine, in detail, the 
hydrogenation of compounds 6 and 7 using a small scale (50 mL) Parr Kinetic Hydrogenator. 
The hydrogenation of 7 in CH2Cl2 at 1100 psi and 90°C for 24 hr gave quinoline and 
tetrahydroquinoline as the major products (Table 4.1); products were identified by GC/MS 
comparison of cracking pattern and retention time with commercial samples Q and THQ. 
The ratio o f Q:THQ was 6:1. This ratio is similar to that found for the hydrogenation o f 
Os3(CO)9(|i-H)2(|i-r|2XC9HqN) in which the THQ is bound at the nitrogen and C(2) 
position.20" 1 This product distribution also parallels the results o f the thermolysis o f 7, which 
showed that dehydrogenation to form 18 is a facile process under mild conditions. A third 
product o f  the reaction is consistent with methoxy substitution on free THQ or Q and the 
yield is 25% of the total amine present (Scheme 4.1). The mass spectra (Figure 4.2) 
indicated a molecular ion o f m/z 161 which is consistent with methoxy-Q the second peak 
at m/z 146 arises from the loss o f  a methyl group. The next peak at m/z 130 results from the 
loss o f oxygen or the loss o f  methoxy from the molecular ion. The remainder o f the 
spectrum is consistent with the fragmentation of THQ. The exact position o f the methoxy 
substitution was not determined, it is however likely that nucleophilic attack occurred at 
either the 2- or 4- position of the heterocyclic ring which is the normal site o f nucleophillic 
attack on free quinoline. In addition the fragmentation pattern also suggests that 
nucleophillic attack occurred at the C(2) position where resonance stabilization resulted in 
the cleavage of the methyl group to form 2-quinolone rather than the cleavage o f the entire 
methoxy group.
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Scheme 4.1
Figure 4.2
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The source o f the methoxy is probably the reduction o f  C -0 catalyzed by the metal core, after 
dissociation o f the Q or THQ ligand. Triosmium clusters have been shown to be effective 
catalysts for the reduction of C -0 to methanol at conditions far lower (300 psi H2) than those 
o f this reaction and the dissociation o f the heterocycle from the cluster would provide 
additional sights for the coordination o f H2.8'9 The recovery o f oragnometalic products from 
the reaction mixture gave starting material 7 (30%) and minor amounts o f 6. This is 
consistent with the fact that isomerization o f 6 to 7 is slow.
Table 4.1
Compound Solvent Pressure
(psi)
Time (hr.) Temp. °C Ratio
Q:THQ
15 CH2Cl2 1100.0 24.0 100.0 10:1
7 c h 2c i2 1100.0 24.0 95.0 6:1
6 c h 2c i2 1100.0 24.0 95.0 2.4:1
6 hexane 1100.0 36.0 95.0 1.3:1
6H+ CH2Cl2 1100.0 24.0 95.0 1:2.6
7 CHjOH 1100.0 24.0 120.0 1:3.6
6H+ CH2C12 1300.0 36.0 130.0 None
Recovered.
The hydrogenation o f 6 in CH2C12 at I lOOpsi and 90 °C for 24h also gave quinoline 
and tetrahydroquinoline as the major products (Table 4 .1). The ratio o f Q:THQ decreased
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significantly to 2.4:1 respectively. This decrease is probably due to the structural differences 
between tautomers. In compound 6 the aromaticity o f  the carbocyclic ring is disrupted, 
removing some o f the driving force for dehydrogenation to form Q. The resistence to 
dehydrogenation was also shown by the thermolysis o f  compound 6. Compound 6 shows 
no tendency to dehydrogenate at temperatures up to 125°C, on the other hand compound 7 
readily dehydrogenates under the same conditions to form compound 18. In addition to Q 
and THQ, the methoxy substituted Q was also found in the reaction mixture. The 
concentration o f the methoxy substituted Q was the same as was found for the previous 
reaction (25% based on total amines). This may be due to a greater resistence to ligand 
dissociation when the THQ ligand is p-bound at the carbon and contains an more basic imino 
nitrogen where the basicity would be similar to pyridine, while in compound 7 the nitrogen 
is g-coordinated to the cluster and has a less basic analinic nitrogen. This resistence to 
dissociation is also reflected in the amount of starting material recovered (45% compound 
6) and (15% compound 7) vs a 30% recovery o f starting material in the hydrogenation o f 
compound 7..
When the hydrogenation of 6 was done in hexane, under the same conditions o f 
temperature and pressure, the ratio of Q to THQ changes significantly, and is approximately 
one to one. Hydrocarbon solvents more closely resemble the conditions under which the 
actual HDN catalysts function. In addition the amount o f  methoxy substituted Q is reduced 
by a factor of 5 (to 5% total amine) when compared to the hydrogenation of 6 in CH2Cl: 
This indicates that the nucleophillic attack o f methanol on the free THQ is reduced in non­
polar solvents.
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The addition o f protic acid is required for the catalytic function o f most HDN 
catalysts and we thought it would be useful to examine the effect of acid on the 
hydrogenation o f our model compounds 6 and 7. Our previous work has shown that 
protonation of compound 7 occurs initially at the metal core and is followed by proton 
transfer from the metal core to the nitrogen to form compound 6H+. In excess CF3COOH 
the transfer o f a proton from the metal core to the nitrogen is complete within six hours. The 
protonation of compound 6 occurs directly at the nitrogen resulting in compound 6H+. The 
hydrogenation of 6 ff“ was done, in the presence of .5 ml CF-COOH, in CH,Cl2 at 1100 psi 
and 95°C for 24 hr.. The presence o f acid prevented the dehydrogenation of THQ, and the 
ratio o f Q to THQ is further reduced to 1:2.6. In addition the formation of methoxy 
substituted Q is reduced to only 5% of the total amines present. Analysis o f the 
organometalic products o f the reaction after neutralization gave a 75% recovery o f the 
starting material compound 6. These results indicate that protonation at the nitrogen results 
in a decreased tendency for rearomatization and strengthens the ligand coordination to the 
cluster, probably by converting the imino nitrogen in 6 to an amino nitrogen in 6H+.
When the hydrogenation o f compound 7 is done in CH3OH the major product o f 
the reaction has a molecular ion of m/z 146 which is consistent with hydroxy substitution on 
free Q. The next peak in the mass spectrum is m/z 130 resulting from the loss of oxygen and 
the remainder of the spectrum is consistent with the fragmentation o f THQ. This product 
accounts for 72% of the total free amine. The product ratio o f Q/THQ was found to be 1:3, 
this ratio may result from the preferential nucleophillic attack o f CH3OH on free quinoline 
thus reducing the ratio o f Q to THQ.
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The final hydrogenation was done on compound 6H+ at I300psi and 130°C for 36 
hr. to determine if  C-N bond cleavage was an accessible pathway for these compounds, under 
more forcing conditions. THQ and Q were not identified in the product stream and no 
readily identifiable organometallic products were identified in the reaction mixture, it 
appears that under these conditions C-N bond cleavage may be occurring, but the catalyst for 
cleavage is likely a cluster degradation product that has not yet been identified. The results 
o f the previous experiments show that ligand dissociation is the predominant reaction 
pathway that these compounds (6, 6H+ and 7) undergo and the lack o f identifiable 
organometalic products suggests that the C-N bond cleavage catalyst may be osmium metal.
Although no significant mechanistic information about the C-N bond cleavage 
process was found from these studies. Detailed information about the relative binding ability 
o f  the two tautomers, 6 and 7, and the effect o f acid on there binding was obtained. This 
information may be useful in understanding the earlier studies o f HDN on heterogeneous 
systems. The actual GC/MS spectra are given in Appendix I for all the hydrogenations 
discussed herein.
4.2 A Comparison of the Reactivity of the Homogeneous Model with the Product 
Distribution of the Industrial Heterogenous Catalyst.
The reactivity studies outlined in chapter 2, showed that the kinetic product o f the 
reaction of THQ and I with compound 1 gives compounds 3 and 6 respectively, which were 
the result of the breaking up the aromaticity of the carbocyclic ring (Scheme 4.2). Although 
further reduction o f the ligands was not observed, these products are likely models for the
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intermediates for the catalytic HDN process. In addition the break up o f  the aromaticity of 
the carbocyclic ring reduced the formation o f the dehydrogenation product quinoline, upon 
reaction with H2 at elevated temperatures. The thermolysis o f compound 7 resulted in the 
dehydrogenation product 18, however nitrogen coordination was maintained. The 
thermolysis o f compound 4, in contrast, resulted in the dissociation o f the nitrogen. In the 
industrial heterogenous process, HDN occurs more rapidly for quinoline than indoline, and 
this may be the result o f  dissociation o f the nitrogen.4 The protonation o f  compound 6 
resulted in reducing the dissociation o f  the ligand during hydrogenation. The addition of 
protic acids to the industrial heterogeneous process has been shown to increase the rate of 
HDN.5 
Scheme 4.2
Os-.< COlirfCHr-CN fc 
1
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The large scale hydrogenation of compound 7 resulted in the formation o f  the C-N bond
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cleavage product 2-propylaniline.
The reactivity studies on the electron deficient complex 15, in Chapter 3, showed that 
regioselective reduction o f the carhocyclic ring is an accessible pathway for the reduction o f 
quinoline (Scheme 4.3). In addition the high pressure hydrogenation of compound 15 
resulted in the formation of free tetrahydroquinoline indicating stociometric hydrogenation 
o f the heterocyclic ring. It is unfortunate, however, that organometallic intermediates where 
not isolated along the reduction of the heterocyclic ring, other than the initial reaction o f H2 
at the metal core to give compounds 22b, 22b' and 22b".
Scheme 4.3
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These studies have provided a group of novel complexes that effectively model the initial 
stages o f the reduction of polycyclic amines during the industrial HDN process. Scheme 4.4
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shows the catalytic intermediates thought to occur during the industrial HDN process.3 
Scheme 4.5
H2 3 .8 x 1 0  52 x 10-5
Unidentified products
4.1 x 10-« 1 x 10-5 4.1 x 10-54.1 x 10-5
3.0 x 10-«
I
H
Future work directed towards increasing the binding ability o f  tetrahydroquinoline, quinoline, 
and indoline on triosmium clusters, perhaps through the addition o f  electron withdrawing 
groups at the metal core, or more electrophillic metals, may result in the isolation o f  
intermediates further along the reduction pathways o f C-N bond cleavage.
4.3 Experimental
4.3.1 General Considerations.
All hydrogenations were performed in a Parr 50 ml Kinetic Hydrogenator equipped 
with a teflon sleeve. Os3(CO)<,(p-H)2(p3-r|2)(QH,N) (6) and 0%(C0)^(p-H},(|i3-Ti2)(C,H,N) 
(7) were synthesized according to published procedures.22 Dichloromethane was distilled 
from CaH2. Hexane HPLC grade was used without further purification. Methanol was 
purified by fractional distillation. GC/MS were performed on a Hewlett Packard GC-5890 
equipped with an HP-5 capillary column and a HP-5971 mass spectra detector. Thin layer
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chromatography was performed on 20x20 glass plates using a 2mm layer o f  silica gel PF-254 
(E&M Science). Two or three elutions were necessary to obtain adequate resolution o f 
bands. NMR spectroscopy was done on a Varian 300 MHz Unity Plus NMR.
4.3.2 The Hydrogenation of Os3(CO)9(p-H),(p3-r|2)(C9HgN)(7) in CH2C12.
Yellow powder o f Os3(CO)9(pTf)2(p3-T|2)(C9H9N)(7) (40mg, .041 mmole) was 
added to 30mL o f freshly distilled CH2C12 and transferred to a Parr Kinetic Hydrogenator. 
The pressure vessel was sealed and flushed with hydrogen gas for five minutes. The 
hydrogenator was then placed in an oil bath and the temperature was raised to 95 °C and 
allowed to equilibrate for ten minutes the pressure was then raised to 1100 psi. The reaction 
was allowed to proceed for 24 hours. The vessel was allowed to cool to room temperature 
and the pressure was then released to atmospheric pressure. I/2L o f solution was then 
directly injected onto the capillary column. The remainder o f the solution was removed from 
the pressure vessel and the solvent was rotary evaporated and the residue chromatographed 
byTLC in hexane/CH2Cl2; ratio 3:1. The faster moving band gave starting material 7(l3mg, 
30% yield) minor amounts o f  6 were also collected.
The hydrogenation o f compound 6 in CH2Cl2, compond 6 in hexane, and compond 
7 in CH3OH were also done by this method. Recovered starting material (45%) and 15% 
tautomer 7.
4.3.3 The Hydrogenation of Os3(CO)9(p-H)2(p3-q2)(C9H9NH)+(6H+) in CH2C12.
Red crystals ofO s3(CO)9(p-H)2(p3-r|:)(QHjN)(6) (60mg, .062 mmole) was added 
to 30mL o f freshly distilled CH2C12 and transferred to a Parr Kinetic Hydrogenator. .5 mL
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of CF3COOH where then added to the solution and the color changen from red to yellow and 
was allowed to stand at room temperature for five minutes. The pressure vessel was sealed 
and flushed with hydrogen gas for five minutes. The hydrogenator was then placed in an oil 
bath and the temperature was raised to 95 °C and allowed to equilibrate for ten minutes the 
pressure was then raised to 1100 psi. The reaction was allowed to proceed for 36 hours. The 
vessel was allowed to cool to room temperature and the pressure was then released to 
atmospheric pressure. l^L  of solution was then directly injected onto the capillary column. 
The remainder o f the solution was removed from the pressure vessel and neutralized with 
NaOH then the solvent was rotary evaporated and the residue chromatographed by TLC in 
hexane/CH2Cl2; ratio 3:1. The slower moving band gave starting material 6 (45 mg, 75% 
yield) the faster moving band gave minor amounts o f 7.
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Chapter 5
Absolute Rate Constants for Hydrogen Atom Abstraction by Benzyl 
Radical from Os3(p.-H)2(CO)9PPh3, Os3 (p.-H)(H)(CO),0PPh3 and Os3(p-
H)(CO,)0i3-H2-C ,H 6N)
Hydrogen transfer from metals is important in numerous biological and catalytic 
systems.32 The transfer o f hydrogen has been proposed to occur through three different 
pathways, the transfer o f a proton, hydrogen atom, or a hydride.69 Perhaps the least 
understood o f these pathways is the susceptibility o f transition metal hydrides towards 
hydrogen abstraction by organic radicals. We report, herein, the reactivity o f the three 
triosmium clusters Os3((i-H)(COq)(p3-'n2-QH6N)(15), Os^p-H), (CO),PPh3(16) and Os, (p- 
H)(H)(CO)|0PPh3)(17) towards radical abstraction by benzyl radicals.
5.1 The Photolysis of Dibenzylketone.
The photolysis o f dibenzylketone provides a readily accessible source o f benzyl
108
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radicals for the study o f hydrogen abstraction from metal hydrogen donors. Dibenzylketone, 
when photolyzed, forms an excited singlet state which then forms the shorter lived triplet 
state72 leading to the phenylacetyl-benzyl geminate cage pair (Equation 5.1).
Equation 5.1
0  O £
PhCH2CCH2Ph - — *■ [PhCH2CCH2Ph]* -*■ PhCH2CO + PhCH2
'̂-la
k ib
 ► P h C H -C -= 0  + PhCH3
About one percent o f the geminate pairs undergo internal return to reform dibenzyl 
ketone (k-, J .  The remainder undergo decarbonylation to form free benzyl radical.7-5 A small 
percentage (<03% ) o f geminate pairs form phenyl ketene and toluene (k,b) in benzene. The 
decarbonylation rate is represented by (log fc,/s'1) = (12.0 ±  0.3) - (6.9 ±  0 .4)/6\ 0 = 2.303RT 
kcal/mol (Equation 5.2).74 
Equation 5.2
k,
PhCH2CO  PhCH2 + C O
Semibenzenes have also been detected in yields o f up to 19% o f the total termination 
products by isomerization o f the semibenzenes to tolylphenylmethane by strong acid. It has 
been shown that in the absence of acid semibenzenes are converted to bibenzyl at all 
temperatures. The process is thought to occur by a radical chain mechanism involving free 
benzyl radical (Equation 5.3 and 5.4).7j
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Equation 5.3
2PhCH2 PhCH2CH2Ph
Equation 5.4
2PhCH2
PhCHn
H
Semibenzenes react with free benzyl radical to form bibenzyl and benzyl radical 
(Equation 5.5).
Equation 5.5
It has been shown that the semibenzenes do not react by the abstraction o f the doubly allylic 
aliphatic hydrogen to give toluene and l-phenyl-2-(4-benzylphenyl)ethane and other 
isomers.73 Thus, the total termination rate determined by ESR75 can be associated with 
bibenzyl formation with negligible error.
In the presence of hydrogen donors, self termination o f benzyl radical competes with 
hydrogen abstraction (Equation 5.6).
PhCPbPhCHa
PhCH2CH2Ph + PhCH;PhCH2
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Equation 5.6
*6
PhCH2 + DH ------► PhCH3 + D-
In previous work36 our group established the absolute rate expressions for the 
reaction o f benzyl radical with Bu,SnH. PhSH, and DCPH (dicyclohexylphosphine) vs self 
termination of the benzyl radical (k^/k,1'2) Values for Aabs/kfI/2 were combined with values 
o f kx ( the rate for the self termination o f benzyl radical) derived by Fischer et al. by ESR75 
and optical spectroscopy76 to give the absolute rate constants for benzyl abstraction (A'abs). 
Under conditions of negligible consumption o f donor (DH), and a constant rate o f photolysis 
o f dibenzylketone, the concentration of benzyl radical will be constant and the absolute rate 
o f hydrogen abstraction (k,bs) can be calculated (Equation 5.7).
Equation 5.7
t toluenei =  k ,h.rD H l„ '..A <l/2
[bibenzyl]1/2 k(1/2
That these conditions hold is verified by plots o f [toluene] and [bibenzyl] vs time. Plots with
near-zero intercepts confirm constant benzyl radical concentrations.
The experimental absolute rate constants were used in conjunction with the rate
expressions for rearrangement o f 2-allylbenzyl to 2-indanylmethyl and 2-tetrayl radical in
competition with hydrogen abstraction from Bu,SnH, PhSH, and DCPH to give the rate
expressions for exo and endo cyclizations o f the 2-allylbenzyl radical36. The cyclization of
the 2-allylbenzyl radical to 2-indanylmethyl radical is a radical clock reaction and the
estimation of this rate expression, derived through the use o f benzyl radical termination vs.
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abstraction, provides a method o f determining difficult to obtain rates o f benzyl radical 
reactions.
5.2 Structural and Electrochemical Characteristics of Compounds
The three clusters (Figure 5.1) chosen for this study contain hydrides in distinctly 
different bonding modes and provide an opportunity to examine the effect o f  structural 
differences on the absolute rate constants for hydrogen abstraction.
Figure 5.1
Os3(g-H)2(CO)9PPh3 (16)77 is an electron deficient (46e‘) cluster containing dibridging 
hydrides along the same Os-Os bond. Os3(g-H)2(CO)9PPh3 has been shown to undergo a 
le- irreversible reduction78. Electrochemical studies on the related complex Os3(p-H)2(CO)I0 
showed nearly identical redox behavior to complex 16 and the ESR characteristics o f the 
electrogenerated radical monoanions o f both complexes indicate that radical formation is 
associated with the Os-((i-H)2-Os metal core and not with the ligand environment78. Os3 (p- 
H)(H)(CO)I0PPh3)77 17 is an electron precise (48e') triosmium cluster containing both a 
bridging and terminal hydride. These hydrides are observed as two hydride signals in the low
15a, 16, and 17
15a 16 17
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temperature limit by 'H NMR.79 These signals merge at room temperature since the hydrides 
are exchanging rapidly on the NMR time scale. Complex (17), however, has been shown to 
undergo an irreversible two electron reduction.78 The two electron transfer is likely to occur 
by a complex ECE ( the symbol ECE represents process in which a one-electron transfer is 
followed by a homogeneous chemical reaction and the transfer o f a second electron to the 
product).78-80 The third cluster 0 s 3(p-H)(C09)(|i3-r|2-QH6N) (15a)r6 contains a quinoline ring 
bound to the cluster at the C(8) position by a 3-center two electron bond along the same edge 
o f the cluster as the p-H hydride and coordination of the nitrogen lone pair at the remaining 
osmium resulting in an electron deficient 46e‘ cluster. The aromaticity o f the quinoline ring 
remains unperturbed. Electrochemical studies on 15a showed that it undergoes two one- 
electron reductions and the first reduction results in a highly unstable 47e‘ intermediate.81 
Both reductions are irreversible and are considered to be metal based. Reversible le ' 
reductions have been shown in the related 46e- cluster Os3(CO)8(p.3-r|3-(C5Hs)PCH2P(C6H4) 
(p-H) and ESR studies have revealed that the reduction is metal based.81 These 
electrochemical studies have suggested that radical formation is likely to occur at the metal 
core after hydrogen atom abstraction by benzyl radical. Clusters 15a, 16, and 17 were chosen 
in this study because they are ideal for comparison of radical abstraction rates for bridging 
verses terminal hydrides. They also may provide insight into the differences in the relative 
reactivity of hydrides on saturated (48e‘) and unsaturated (46e') clusters.
5.3 Results and Discussion
Table I presents Arrhenius parameters for abstraction by benzyl radical from the
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donors Os3(n-H):(CO),PPIi3(16), OS3 ((i-H)(H)(CO)l0PPhj)(17) and 0 s3(g-H)(C0 9)(p3-Tf- 
C9H6N)(15a). The values o f where obtained by GC analysis o f the mixture o f donor and 
bibenzyl after photolysis times that limited consumption o f donor and bibenzyl to under 5%. 
Figure 5.2 shows a representative plot o f bibenzyl and toluene production vs time (s) for 
photolysis o f a solution containing compound 16 (3.8 X 10'J M) and dibenzylketone (1.00 
X I O'2) at 25 °C.
Table 5.1: Arrhenius Parameters and Rate Constants for Reaction of Benzyl
Radicals and Donors in Benzene3-1
Donor log(A/M_1 s '1) Ea kcal/mol kabs(25°C), M'1 s' 1
Os,(n-H),(CO)„PPh/ 8.863 ±  .203 6.899 ± .310 6.389 X 103
Osj(n-H),(CO)QPPh,d 8.567 ± .332 6.923 ±  .488 3.074 X 103
Os,(n-HHHKCO),„PPh,) 8.199 ±.033 4.466 ±  .050 8.400 x 104
Os,( e = 8.983 = 8.873 2.993 X 102
3 Errors are two standard deviations o f slope and intercept from a linear least-squares
regression (95% confidence). b Calculated from experimental values o f  ̂ / ( k ,)12 using k,
values calculated from ln(2k,) = 27.23022 - 2952.472/RT.10 °Arrhenius parameters calculated
for donor concentration l.l  x I O'3 M .d Arrhenius parameters calculated for 25° C, 50°C, and
75°C at four concentrations(The 100°C abstraction rates assumed to be in error and were due
to thermal decomposition product. e The le,^ rates were determined at the limit o f detection
for this method and should be considered as estimates o f the maximum abstraction rates.
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Figure 5.2: Production o f bibenzyl and toluene vs. Time (s) during the photolysis o f  a 
solution containing compound 16 (3.8 X 10'J M) and dibenzylketone (1.00 X I O'2 M) in
0 .0 0 0 4 5
0 .0 0 0 4
0 .0 0 0 3 5
0 .0 0 0 3eo
2 0 .0 0 0 2 5
[Bibenzyl]
0 . 0 0 0 2coo 0 .0 0 0 1 5
0 . 0 0 0 1
[Toluene
0 .0 0 0 0 5
6 050300 20 4010
Tim e s
benzene at 25°C. Linear time dependence of the production of bibenzyl reflects constant 
benzyl radical concentrations. Linear time dependence o f toluene formation indicates steady 
state donor concentrations (< 5% donor consumption).
The linear time dependence shown for the production o f bibenzyl is consistent with steady 
state production o f benzyl radical. The linear time dependence o f toluene is consistent with 
constant donor concentrations (consumption of donor was <1% at the maximum photolysis 
time 60 s). Photolysis was repeated at 50°C, 75°C, and 100°C. At 100°C photolysis times 
were reduced to a maximum o f  30 s to limit donor consumption to <5%.
It has been shown that the rate of radical termination (k,) is diffusion controlled and
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is satisfactorily described by the Smoluchowski treatment o f translational difEusion(Equation 
5.8).
Equation 5.8
2k, = (8 X 10'3)ap7tDABN 
Diffusion coefficients DAB (Equation 5.9) were determined for the model o f the benzyl 
radical, toluene, in benzene for comparison with experimental values derived from the 
relationship,
Equation 5.9
Dab = kTI6'sir\vJ'
where t) is the solvent viscosity an d /is  the microfriction factor of Spemol and Wirtz82 with 
the reaction diameter p estimated by using the average o f LebasSj, van der Waalss\  and 
Spemol-Wirtz82 values. Evaluation o f the Von Smoluchowski equation using experimental 
values for the viscosity of benzene, gave the relationship ln(2kt) = 27.23022 - 2952.472/RT. 
This approach generally gives excellent agreement with the rate constants developed by 
Fisher and co-workers by EPR75 and optical spectroscopy76 for small organic radicals in non- 
viscous solvents. By correcting Fischers rate expression for self termination o f benzyl in 
toluene (ln(2k/m sec) = 27.053-2797.4/RT) for the ratio of viscosities o f benzene to toluene 
(In(v.toluene) = -4.2287 +2158/RT) gives an expression for the self termination o f benzyl 
radical in benzene, In(2kt) = 26.9413 - 2732.55/RT. This expression is nearly identical to 
the one derived by the Smoluchowski equation Values of 2k, were calculated using the latter 
expression at each temperature. Under conditions of low donor consumption and steady state
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Equation 5.10
K J K 'a = [PhCH3]/[PhCH2CH2Ph]l/2[Donor] (At)h- 
In deriving equation 5.10 the interaction o f benzyl radical with donor radical formed after 
hydrogen atom abstraction and under conditions o f  constant radical formation and low donor 
consumption, this interaction does not effect kabs. Due to the symmetrical nature o f  the 
hydrides in compound 16 the initial donor concentration was multiplied by two in equation 
8. Photolysis was repeated at 50°C, 75°C, and 100°C and the average k,bs values calculated 
and plotted vs 1000/RT to give the Arrhenius parameters for hydrogen atom abstraction from 
compound 16 by benzyl radical. Three subsequent concentrations (1.28 x I O'3, 3.8 x 10"4, and 
1.74 x 10'3) o f compound 16 were photolyzed at the same temperatures (25°C, 50°C, 75°C, 
and 100°C) and all four concentrations were found to give rate constants and Arrhenius 
parameters within experimental error o f each other. Figure 5.3 presents an Arrhenius plot o f 
the kinetic data for the reaction o f benzyl radical and compound 16.
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Figure 5.3: Arrhenius plot for the reaction of benzyl radical with compound 16.
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InCkjbJ rates were found to be linear with temperature until 100°C. At 100°C, 
however, there is a slight increase kabs rate, and the increase is likely due to the formation 
o f new more reactive hydrogen donors. Compound 16 has been shown to react readily with 
CO to form Os3(|i-H)(H)(CO),,85 which contains both a bridging and a terminal hydride, and 
is analogous in structure to compound 17 o f this study. The photolysis o f dibenzylketone 
and the thermal decomposition of donor radical species are potential sources o f  carbon 
monoxide that could react with compound 16 to form the thermally unstable compound 
Os3(p-H)(H)(CO)n . Once the linearity o f the formation o f toluene and bibenzyl was 
established for compound 16, individual k,bs values were measured for a hydride 
concentration o f I. Ix 10"3M over a the same temperature range and were found to give kabs 
values and Arrhenious parameters (Table 1, row I) in excellent agreement with those o f  the 
previous experiment. Figure 5.4 presents an Arrhenius plot o f the reaction o f  16
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(concentration l . l  x I O'3 M) with benzyl radical.
Figure 5.4: Arrhenius plot for the reaction o f benzyl radical with compound 16. 
(concentration l . l  x 10'J M)
13 T
12.5 ~  
12 |
11.5 r
» 11 f
E l
j§ 10.5 f 
jc i
s  10 f
9.5  r
i
9 7I
8.5 I
8 — 
1.3
R = 0.9648
1.35 1.4 1.45 1.5
1000/RT
1.55 1.6 1.65 1.7
Studies of the fluxional motion of compounds isostructural with compound 16, have 
shown that no exchange is occurring between the bridging hydrides even at elevated 
temperatures.79 Thus intramolecular carbonyl exchange in Os3(CO)10(p-H)2, does occur 
through a simple pinwheel motion but does not involve any motion of the bridging hydrides 
(ie. no deuterium kinetic isotope effect was observed between Os3(p-H)2(CO),0 and Os3(fi- 
D)2(CO)I0.79 This indicates that hydrogen atom abstraction is occurring from a bridged 
hydride and that any a open (terminal) hydride structure is apparently not present in
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appreciable concentrations and is not acting as a donor.
Compound 17. containing both a terminal and bridging hydride, was found to be 
much more reactive towards hydrogen abstraction. Figure 5.5 presents an Arrhenius plot of 
hydrogen abstraction from Os3((j.-H)(H)(CO)10PPh3 (17), by benzyl radical.
Figure 5.5: Arrhenius plot for the reaction o f benzyl radical with Os-s(|i-H) 
(H)(CO) 10P Ph3(17).
18.5 •
16.5 ‘
14.5 i
*3T
R2 = 0.9998
8.5  :
6.5 ;
4 .5   ------------------------------------------------------------------------------------------------------------------------------------------
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
1000/RT
The rate o f hydrogen atom abstraction from compound 17 was calculated from experimental 
data, to be approximately thirty times faster than the rate for compound 16. This difference 
in reactivity cannot necessarily be attributed to any difference in bond strength. The
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difference between terminal and bridging hydride bond strengths, has been shown to be 
within a range o f 0-5 kcal/mol, for a large variety o f transition metal complexes with an 
average bond strength o f around 60 kcal/mol.86 The difference in reactivity between 
compounds 16 and 17 is more likely due to greater kinetic accessability o f  the terminal 
hydride in compound 17. Structural studies on compound 17 87 have shown the terminal Os- 
H bond length to be 1.52 A and the average bridging hydride bond lengths to be 1.87 A, with 
a slight elongation o f the bond between the non-phosphine coordinated osmium and the 
bridging hydride. The PPh3 ligand is also in a position to sterically hinder the approach o f 
the benzyl radical to the bridging hydride further reducing its reactivity.
Direct location o f  the hydrides in compound 16 has not been done, but studies on 
the isostructural complex Os3(|i-H)2(CO)10 showed symmetrical bridging hydrides with a Os- 
H bond length o f 1.85A.88 The bond lengths o f the bridging hydrides in compounds 16 and 
17 are nearly identical. However, bond lengths are not, necessarily indicators o f bond 
energies, and the overall electronic state of both complexes (46e' and 48e' clusters 
respectively) may play a significant role in the reactivity o f both the bridging and terminal 
hydrides. The electron deficiencies o f compound 16 may result in a reduction o f the 
reactivity, o f the bridging hydrides, towards hydrogen abstraction. Compound 17 was treated 
as a mono-hydride during the calculation o f kabs. The kabs rate o f the terminal hydride was 
assumed to far exceed (by a factor o f  at least 10) the rate kabs o f the dibridging compound. 
Bridge-terminal exchange is occurring in compound 17 at room temperature. The rate o f 
bridge-terminal exchange at 298° EC is = 2.2 x 103 s"1 (extrapolated from low temperature 
NMR studies 7q) which is 40 times slower than the rate of hydrogen abstraction at 298 °K.
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Indicating that the incoming benzyl radical is not reacting with a transient intermediate, the 
diterminal hydride species.
The rate o f hydrogen abstraction, by benzyl radical, from compound 15a containing 
a bridging monohydride was slower, by at least a factor o f 10, than hydrogen abstraction 
from compound 16 and is approaching the limit o f detection by this kinetic method. This 
is because the toluene formed in abstraction is only about 3x greater than the yield o f in-cage 
toluene. The le^ value o f 3 x 102 should be considered as a maximum value. Both 16 and 
15a are electron deficient but compound 16, is much less sterically hindered for radical 
attack. The quinoline ring of Compound 15a blocks a entire face o f the cluster and may be 
responsible for the dramatic decrease in reactivity.
Complete data analysis for the kinetic runs presented herein, is given in Appendix 2.
5.4 Experimental Section
5.4.1 General. Nuclear magnetic resonance spectra were obtained with a Varian 
VXR-300 instrument. Gas chromatographic analysis was preformed on a Hewlett-Packard 
5890 Series II equipped with a HP GC Splitless Injector, and a 30m X 0.25mm HP-5 high 
performance capillary column and a flame-ionization detector.
Reagents. l.3-diphenyl-2-propanone (DBK, dibenzylketone) was purchased from Aldrich 
and recrystallized four times from hexane at -25°C (>99.9% purity, free o f toluene and 
bibenzyl) and stored in the dark at -25 °C. HPLC grade CH2C12 was purchased from Aldrich 
and used as received. Benzene was purchased from Aldrich and fractionally distilled three
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times to remove trace quantities o f toluene. Toluene, bibenzyl, and ferf-butylbenzene were 
purchased from Aldrich and used without further purification. OsjH^COXPPh^lff)77, OS3 (p- 
H)(H)(CO)I0PPh3(17)77 and Os3(p-H)(C09)(p3-r|2-C9H6N )(l5a)26 were synthesized as 
previously reported and recrystallized in CH2Cl2/ hexane at -25 °C.
GC Standardization. A stock solution o f 1.00 x lO^M, toluene, bibenzyl and tert- 
butylbenzene in benzene was further diluted with a stock solution of 1.00 x lO^M tert- 
butylbenzene in benzene, to concentration ranges 5.00 x 10'7M to 5.00 x 10°. Plots o f  GC 
peak area ratios(analyte/tert-butyIbenzene) vs molarity ratios (analyte/Yert-butylbenzene) 
yielded linear plots.
5.4.2 Photolysis of Dibenzyl Ketone in the presence of Os3H2(CO)9PPh3(16).
Samples from a stock solution o f 1.00 x 10'2 M dibenzyl ketone, 1.00 x 10"* M tert- 
butyl benzene (internal GC standard), and Os3H2(CO)gPPh3, 3.8 x 10° M, in benzene , were 
freeze-thaw degassed with three cycles, and sealed in 5-ram diameter quartz tubes for 
photolysis. The samples were photolyzed in a HP 5710A GC oven equipped with a quartz 
window, for temperature control. The light source was a Hanovia high pressure Xe arc lamp 
powered by a Spectral Energy LPS5255HR Arc lamp power supply. The light was passed 
through a water infrared filter and was focused at a 2.0 cm diameter target area. The time 
of photolysis was controlled by a Uniblitz model 225L0A0T522952 computer controlled 
electronic shutter. The samples were photolyzed at 337nm for 3-35 s (±0.25 s) at 25°C, 
50°C. 75°C, and 100°C (±0.5°C), with less than 1% consumption of ketone and typically
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<7% consumption o f donor, in order to maintain a constant concentration and distribution 
o f  radical species. GC analysis o f unphotolyzed samples were done prior each kinetics run 
to establish background concentrations o f toluene and bibenzyl.. Samples were opened in 
air and toluene and bibenzyl concentrations were determined by using a Hewlett-Packard 
Model 5890A gas chromatograph equipped with a 30m Hewlett-Packard HP-5 column in the 
purged splitless injection mode. The linearity o f  production of bibenzyl and toluene with 
time was confirmed by photolyzing samples for 3,5,7,10,15,20,25 and 30 s. Least-squares 
treatment o f the concentrations o f toluene and bibenzyl vs. time gave excellent linear 
correlations and near zero intercepts. Short photolysis times were used to assure that the 
build up of light absorbing organometallic products was sufficiently low, so that irradiation 
intensity varied by less than 5% from the front to the back o f the sample and a constant 
radical concentration was maintained. The photolysis was repeated for hydride donor 
concentrations 3.8 x 10"\ 1.28 x I O'3 and 1.74 x 10'3.
5.4.3 Photolysis of Dibenzyl Ketone in the presence of Os3(p-H)(H)(CO)I0PPh3.
Samples from a stock solution o f 1.00 x 10'2 M dibenzyl ketone, 1.00 x 10"4 M 
tert-butyl benzene (internal GC standard), and Os3(ji-H)(H)(CO)10PPh3, 2.16 X 10*3 M in 
benzene were photolyzed for typically 0-35 s and analyzed as for Os3H2(CO)9PPh3. 
Concentrations o f donor used were 2.16 x 10‘3, 1.00 x 10'3, 2.80 x 10'3 and 1.40 x 10'3M. 
Temperatures of photolysis were 25°C. 50°C, 75°C, and 90°C.
5.4.4 Photolysis of Dibenzyl Ketone in the presence o f 0 s 3(p-H )(C 09)(p3-r|2- 
C9H6N)(15a)
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Samples from a stock solution o f 1.00 x 10'2 M dibenzyl ketone, 1.00 x  10"* M tert- 
butyl benzene (internal GC standard), and 0 s 3(p-H)(C09)(|i3-r|2-C9H6N), 7.0 x 10-4 M in 
benzene were photolyzed for typically 0-60 s and analyzed as for Os3H2(CO)9PPh3. 
Concentrations o f donor used were 7.0 x 10~\ and 9.4 x 10°. Temperatures o f  photolysis 
were 25 °C, 50°C, 75 °C. and 90°C. Due to the relatively low k,bs rate o f bibenzyl from 
compound 3 it was necessary to correct for in-cage o f toluene formation not related to 
hydrogen abstraction from compound 3. Samples from a stock solution o f 1.00 X 10‘2 M 
dibenzyl ketone and 1.00 X lO^M tert-butyl benzene (internal GC standard) in benzene were 
photolyzed for typically 0-60 s and analyzed for toluene and bibenzyl at 25 °C, 50 °C, and 
90°C. Toluene concentrations were correctedfor in-cage toluene formationin the absence o f 
hydride donor
5.4.5 Density and Vapor Pressure Corrections.
The density o f benzene was calculated at each experimental temperature used. Least 
-squares fit o f density verses T (degrees K) for benzene: p= 1.192-0.001059 T where 
p=density o f benzene at temperature T (degrees K). Donor and product concentrations were 
corrected for density effects using the density correction factor=pT/p29gK. The vapor pressure 
o f benzene was calculated at each experimental temperature using(Log P = -(0.05223a/T + 
b).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
126
Appendix 1
Selected GC/MS Spectra for the Hydrogenation of 
Compounds 6 and 7.
Figure A l.l  GC/MS spectra for the hydrogenation o f  compound 7 at 1 lOOpsi H, and 
95°C in CH,Cl,. '
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Figure A1.2 GC/MS spectra for the hydrogenation o f compound 6H+ at 1 lOOpsi H, and 
95°C in CH-.CU.
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Figure A1.3 GC/MS spectra for the hydrogenation o f compound 7 at I IOOpsi H, and 
95°C in CHjOH.
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Figure A1.4 GC/MS spectra for the hydrogenation of compound 6 at 1300psi H, and 
130°C in CHiCl-,. Products were not identified.
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Appendix 2
Data Analysis for hydrogen Abstraction from Compound 16 and 17
Table A2.1 Reactions of Benzyl Radical with Compound 16
Stock Solution 
DBK 1 .Oe-2 M
Compound 16: Group 1 (3.8e-3 M). Group 2 (1.28e-3 M), Group 3 (3.8e-4 M), and Group 4 
(1.74e-3M)
Benzene
Density of Benzene (g/ml) given by dens(T) = 1.194867 + (-1.066929E-03) * ( T deg K )
The density of benzene was also corrected for the volume loss due to vaporization.
1) The vapor pressure of benzene was calculated :Log P= -{0.05223 a)/T + b
(P = vapor pressure of benzene at temp. (T), a = 34172, and b = 7.9622 for T = 0-42 deg C
(P = vapor pressure of benzene at temp. (T), a = 32295, and b = 7.6546 for T = 43-100 deg
Smoluchowski Expression for Benzyl Radical Self-termination in Benzene 
ln(2kt),cdc = 26.9413- 2732.56 IRT
To calculate rate constents from this table
1) Select kt from calculated diffusion coefficents (Col L)
2) Calculate kabs =sqrt(kt)* [tolueneJ/(sqrt(bibenzyl]*sqft(time, s)*(Donor avg]
Example: (2nd row)
kabs = 2.2e-6*49450/(sqrt(3.8e-3)*sqrt(5)*7.6e-3) = 1071.79MA-1 sA-1
Notes:
Columns D. E, F, and G are the density corrected concentrations using benzene density rath 
conc(T) = conc(298 deg K) * (dens(T)/ dens{298 deg K)
Column F is the density corrected initial Donor concentration - the amount consumed given
by m  [D]= inittD] - rn
Column G is the donor concentration considered as a dihydride [D] * 2(Col F)
Column H is the kabs values using calc diff coeffs 
Column L is the sqrt(kt) from calcd diff coeffs 
Column M is the avg(kabs) at temp T 
Column N is the natural log of kabs using calcd diff coeffs
Arrhenius Expression using Calcd Diff Coeff
ln(kabs/MA-1 sA-1)«(21.61 +/- 1.21) - (8092.0 ♦/- 797.51)/RT
kabs 25 deg C = 3292.9 MA-1 s M  : Ea = 6.923 kcal/mol: log A -  8.567
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Table A2.1 Reactions of Compound 16 with benzyl radical
! I ! I
Column-- |a !B C ID E F G
l t
i i I
Entry |Temp K j 1/RT time, sec m fBB] avg[D] 2(avg[D])
Group 1 | |
1 297! 0.001693 0 0 0 0.00381 0.007619
2 297 0.001693 5 2.2E-06 3.56E-05 0.003808 0.007618
3 297 0.001693 10 1.08E-05 8.44E-05 0.003804 0.007614
4 297 0.001693 20 1.63E-05 0.000152 0.003801 0.007611
5 297| 0.001693 40 5E-05 0.000279 0.003785 0.007594
6 297 0.001693 50 5.69E-05 0.000386 0.003781 0.007591
7 323 0.001558 0 1.43E-06 0 0.003698 0.007397
8 323 0.001558 10 1.68E-05 7.38E-05 0.00369 0.007389
9 323 0.001558 20 2.74E-05 0.000125 0.003685 0.007384
10 323 0.001558 30 4.47E-05 0.000177 0.003676 0.007375
11 323 0.001558 40 6.48E-05 0.000222 0.003666 0.007365
12 323 0.001558 50 7.9E-05 0.000238 0.003658 0.007358
13 323 0.001558 60 0.000121 0.000337 0.003637 0.007337
14 348 0.001446 0 0 0 0.003601 0.007201
15 348 0.001446 10 2.19E-05 5.98E-05 0.00359 0.00719
16 348 0.001446 30 9.65E-05 0.000152 0.003552 0.007153
17 348 0.001446 40 0.000204 0.000222 0.003499 0.0071
18 348 0.001446 50 0.000229 0.000238 0.003486 0.007087
19 373 0.001349 0 0 0 0.003516 0.007032
20 373 0.001349 10 3.89E-05 4.78E-05 0.003496 0.007012
21 373 0.001349 20 0.000114 8.6E-05 0.003459 0.006975
22 373 0.001349 30 0.000226 0.000118 0.003403 0.006919
23 373 0.001349 40 0.000267 0.000105 0.003382 0.006898
24 373 0.001349 50 0.000405 0.000141 0.003313 0.006829
25 373 0.001349 60 0.000545 0.000169 0.003243 0.006759
Group 2
26 298 0.001689 0 0 0 0.001283 0.002566
27 298 0.001689 10 1.31E-05 0.00024 0.001277 0.00256
28 298 0.001689 20 1.83E-05 0.000479 0.001274 0.002557
29 298 0.001689 30 3.44E-05 0.000781 0.001266 0.002549
30 298 0.001689 40 5.45E-05 0.001076 0.001256 0.002539
31 298 0.001689 60 9.63E-05 0.001553 0.001235 0.002518
32 323 0.001558 0 0 0 0.001246 0.002492
33 323 0.001558 10 1.36E-05 0.000266 0.001239 0.002478
34 323 0.001558 20 3.54E-05 0.000556 0.001228 0.002457
35 323 0.001558 30 6.46E-05 0.000825 0.001214 0.002427
36 323 0.001558 40 0.000101 0.001036 0.001195 0.002391
37 348 0,001446 0 0 0 0.001213 0.002426
38 348 0.001446 5 4.65E-06 0.000123 0.001211 0.002423
39 348 0.001446 10 2.23E-05 0.000251 0.001202 0.002415
40 348 0.001446 15 4.82E-05 0.00038 0.001189 0.002402
41 348 0.001446 20 8.01 E-05 0.000461 0.001173 0.002386
42 348 0.001446 25 0.000113 0.000599 0.001157 0.002369
43 348 0.001446 30 0.000151 0.000693 0.001137 0.00235
44 373 0.001349 0 0 0 0.001184 0.002369
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Table A2.1 cont. II |
|
Colum n- A B C D E IF G
45 373 0.001349 5 1 2.29E-05 0.000111 0.001172 0.002357
46 373 0.001349 10 6.32E-05 0.000205 0.00115 0.002337
47 373 0.001349 15 0.000113 0.000291 0.001123 0.002312
48 373 0.001349 20 0.00017 0.000365 0.001092 0.002283
49 373 0.001349 25 0.000266 0.000516 0.001041 0.002236
I I
Group 3 | i I
501 2981 0.001689 0 0 0 0.000381 0.000762
51 2981 0.001689 5 2.82E-07 0.000232 0.000381 0.000762
52 298j 0.001689 10 3.5E-06 0.000403 0.000379 0.00076
53 298 0.001689 15 4.77E-06 0.000484 0.000379 0.00076
54 298 0.001689 20 1.25E-05 0.000841 0.000375 0.000756
55 298 0.001689 25 1.17E-05 0.000906 0.000375 0.000756
56 298 0.001689 30 1.97E-05 0.0013 0.000371 0.000752
57 323 0.001558 0 0 0 0.00037 0.00074
58 323 0.001558 5 1.12E-06 0.000153 0.000369 0.000739
59 323 0.001558 10 8.96E-06 0.000433 0.000365 0.000735
60 323 0.001558 15 8.18E-06 0.000392 0.000366 0.000736
61 323 0.001558 20 1.6E-05 0.000526 0.000362 0.000732
62 3231 0.001558 25 2.03E-05 0.000683 0.00036 0.00073
63 323 0.001558 30 3.05E-05 0.000969 0.000355 0.000725
64 348 0.001446 0 0 0 0.00036 0.000703
65 348 0.001446 3 1.6E-06 8.89E-05 0.000359 0.000702
66 348 0.001446 5 5.17E-06 0.000203 0.000357 0.000701
67 348 0.001446 7 9.33E-06 0.000298 0.000355 0.000699
68 348 0.001446 10 1.64E-05 0.000422 0.000352 0.000695
69 348 0.001446 15 2.77E-05 0.00059 0.000346 0.000689
70 348 0.001446 20 4.41 E-05 0.000789 0.000338 0.000681
71 373 0.001349 0 0 0 0.000352 0.000703
72 373 0.001349 3 1.99E-06 7.82E-05 0.000351 0.000702
73 373 0.001349 5 7.79E-06 0.000165 0.000348 0.000699
74 373 0.001349 10 3.73E-05 0.000389 0.000333 0.000685
75 373 0.001349 15 6.48E-05 0.000535 0.000319 0.000671
76 373 0.001349 20 0.000109 0.000732 0.000297 0.000649
Group 4
77 298 0.001689 0 0 0 0.001744 0.003489
78 298 0.001689 5 1.64E-06 6.31 E-05 0.001744 0.003488
79 298 0.001689 10 5.49E-06 0.000166 0.001742 0.003486
80 298 0.001689 15 1.07E-05 0.000262 0.001739 0.003483
81 298 0.001689 20 1.08E-05 0.000279 0.001739 0.003483
82 298 0.001689 25 1.83E-05 0.000379 0.001735 0.00348
83 298 0.001689 30 2E-05 0.000402 0.001734 0.003479
84 323 0.001558 0 0 0 0.001694 0.003387
85 323 0.001558 10 9.6E-06 0.000142 0.001689 0.003383
86 323 0.001558 15 1.69E-05 0.000243 0.001685 0.003379
87 323 0.001558 20 2.43E-05 0.000319 0.001682 0.003375
88 323 0.001558 30 3.05E-05 0.000374 0.001678 0.003372
89 348 0.001446 0 0 0 0.001649 0.003298
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Table A2.1 cont. | |
I I
Column-- jA B |C D |e F G
i I I
ti
II
901 348 0.001446 5 4.53E-06 5.36E-05 0.001646 0.003295
911 348 0.001446 10 1.3 3 E-05 0.000126 0.001642 0.003291
92 | 348 0.001446 15 1.97E-05 0.000164 0.001639 0.003288
93| 348 0.001446 251 5.72E-05 0.000299 0.00162 0.003269
94 i 348 0.001446 301 6.63E-05 0.000319 0.001616 0.003264
95! 373 0.001349 0| 0 0 0.00161 0.00322
96 | 373 0.001349 51 1.22E-05 4.71 E-05 0.001604 0.003214
97! 373 0.001349 10! 2.73E-05| 7.14E-05 0.001596 0.003206
981 373 0.001349 15| 6.69E-05| 0.000138 0.001576 0.003186
99 373 0.001349 20 0.000111] 0.00014 0.001554 0.003164
100 373 0.001349 25 0.000149 0.00022 0.001535 0.003145
|
! i
*
i I
I I
II I
!
i I
i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table A2.1 Reactions of Compound 16 with benzyl radical | !
! i I I
Column— i ! H ! I
j i ! i
Entry j 1 !!
Group 1 I ! i
1 i i  i
2j ' 1071.791 !  i
3 ! 2404.523 1
4 ! 1917.548 1
5j I 3081.368
t
6 1 j 2666.805
7! !
8 I 4979.747
9 4425.598
10 4945.467
11 5566.084
12 5857.879
13 6924.392
14
15| 8651.057
16 i 13853.75
17| 21142.62
18! 20566.79
19!
2 0 1 20101.63
21! ! 31328.38
22| 43617.42
23 47217.74
24 55983.73
25 63515.52
Group 2 -
26
27 5222.706
28 3640.906
29 4394.472
30 5158.236
31 6242.646
32
33 6361.278
34 8137.567
35 10079.67
36 12366.84
37
38 5359.916
39 12817.25
40 18476.24
41 24267.44
42 26992.34
43 30970.52
44
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Table A2.1 cont. | I I
i I
1 |
C o lum n- ! 1
45 32767.14
46 47337.3
47 58486.54
48 69228.84
49 82928.38
I
Group 3
50 |
5 1 1 | 541.9254 !
5 2 1 | 3608.9 1
53 3671.456 |
54 6374.78
55 5135.967
5 6 1 6616.616
57|
58 3253.205
59 11044.38
60 8635.587
61 12689.43
62 12700.41
63 14720.17
64
65 9697.228
66 16059.2
67 20294.32
68 25268.71
69 29602.71
70 35776.07
71
72 14659.79
73 30755.27
74 69211.53
75 85408.47
76 110326.5
Group 4
77
78 1321.449
79 1926.102
80 2450.338
81 2060.571
82 2692.433
83 2615.757
84
85 4485.171
86 4926.962
87 5373.424
88 5082.458
89
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Table A2.1 cont. | I I i i
i : i I
C olum n- I i I
i i
i i
90 | 5830.574
91 I 7913.15
92 j 8386.542
93 j 14038.23
94 j 14404.94
95 i i
961 i 19658.68
97| 25257.75
981 36531.91 i
99 | | 52726.36
100l i 50618
139
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Table A2.1. cont
Column I J K L M N
Group 1
Entry 1/RT 1000/RT 2(init[D]) sqrt(kt)cdc kabs In (kabs)
1 0.001693 1.693 0.007619 49459.53 2246.176 7.716984
2 0.001558 1.558 0.007397 59590.68 5449.861 8.603345
3 0.001446 1.446 0.007201 69437.83 16053.6 9.683688
4 0.001394 1.394 0.007032 79270.35 43627.4 10.68344
Group 2
5 0.001689 1.689 0.002566 49844.43 4919.47 8.500956
6 0.001558 1.558 0.002492 59590.68 9236.34 9.130901
7 0.001446 1.446 0.002426 69437.83 19813.9 9.894139
8 0.001349 1.349 0.002369 79270.35 79965.4 11.28935
Group 3
9 0.001689 1.689 0.000762 49844.43 4324.941 8.372154
10 0.001558 1.558 0.00074 59590.68 10507.2 9.259816
11 0.001446 1.446 0.000703 69437.83 22138.5 10.00507
12 0.001349 1.349 0.000073 79270.35 62072.3 11.03606
Group 4
13 0.001689 1.689 0.003489 49844.43 2179.03 7.686635
14 0.001558 1.558 0.003387 59590.68 4967 8.510571
15 0.001446 1.446 0.003298 69437.83 12635,9 9.444297
16 0.001349 1.349 0.00322 79270.35 33543.7 10.4206
Least Squares Arrhenius Calculations (In(kabs) vs. 1000/RT
Group 1 Group 2 Format of charts
-9.51957 23.6678 -7.92815 21.6793 slope intercept
1.416288 2.16277 1.474338 2.234826 slope std dev intercept std dev
0.957608 0.325114 0.93531 0.374032 r A2 std error y estimate
45.17854 2 28.91675 2 F statistic degrees of freedom
4.77532 0.211398 4.045443 0.279799 regression sum sqrs residual sum sqrs
Group 3 Group 4
-7.66581 21.24749 -8.01368 21.12019
0.616161 0.933987 0.596623 0.904372
0.987244 0.156317 0.989036 0.15136
154.7847 2 180.411 2
3.782155 0.04887 4.1332 0.04582
Average kabs Values at Each Temp 25deg CAverage Least Squares Arrhenius Calc.
50deg C. 75deg C, and 100C 25 deg C, 50 deg C , 75 deg C 100deg
1000/RT In(kabs) -8092.03 21.61288
1.689 8.069182 797.5058 1.208873
1.558 8.876158 0.980944 0.202323
1.446 9.7568 102.9549 2
1.349 10.85736 4.214418 0.081869
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! 1
! |
Average Least Squares Arrhenius Calc.
25 deg C, 50 deg C . and 75 deg C
I -6.92292! 19.73047 !
I 0.487541 0.764212| ! f
| 0.995065 0.083858! !
I 201.6304 1|
! 1.417898 0.007032! t
i ! tI
i  '  ; | I1
i I
i  I I
11
i I i i 1
i !
i I
i .
t
I
i
|
| 1
i
i
i i
i i
i  I
1
| 1
1
t I I
1
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Table A2.2 Reactions of Benzyl Radical with Compound 16
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Stock Solution 
DBK 1.0e-2 M 
Compound 2:1.1 e-3 M 
Benzene
Density o f Benzene (g/ml) given by dens(T) = 1.194867 + (-1.066929E-03) * ( T deg K )
The density o f benzene was also corrected for the volume loss due to vaporization.
1) The vapor pressure o f benzene was calculated :Log P= -(0.05223 a)/T + b
(P = vapor pressure o f benzene at temp. (T), a = 34172, and b = 7.9622 for T = 0 - 42 deg C
(P = vapor pressure o f benzene at temp. (T), a = 32295, and b = 7.6546 for T = 43 -1 0 0  deg C
Smoluchowski Expression for Benzyl Radical Self-termination in Benzene 
ln(2kt),cdc = 26.9413 - 2732.56 /RT
To calculate rate constents from this table
1) Select kt from calculated diffusion coefficents (Col G)
2) Calculate kabs =sqrt(kt)*{tolueneJ/(sqrt(bibenzyl]*sqrt(time, s)*[Donor avg]
Example: (3rd row)
kabs =8.58e-5*55278.17/(sqrt(.002046)*sqrt(20)*.002125) = 11038.25 M M  sA-1
Notes:
Columns D, E, and F are the density corrected concentrations using benzene density ratios: 
conc(T) = conc(298 deg K) * (dens(T)/ dens(298 deg K)
Column F is the density corrected initial Donor concentration - the amount consumed given by fTJ
[D] =  in i t I D l -m
Column H is the kabs values using calc diff coeffs 
Column G is the sqrt(kt) from calcd diff coeffs 
Column I is the natural log of kabs using calcd diff coeffs
Arrhenius Expression using Calcd Diff Coeff
ln (kabs/M M  sA-1) = (19.617 +/- .51) - (6355.2 +/- 33.14J/RT
kabs 25 deg C = 6.389 e3 MA-1 sA-1 : Ea = 6.899 kca l/m o l: log A = 8.863
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table A2.2 cont. Reactions of Compound 16 with benzyl radical. i
: • ! ! i
' ! ; i
Col. A IB IC ID E F ;G |H I
Entry Temp K 11/RT Itime fTl fBB] !2(avg[D]) isqrt(kt)cdc:kabs In(kabs)
! I i I
1! 3121 1.6128871 201 9.11E-05: 0.0020811 0.002123! 55278.17 11633.24 9.361621
2! 312! 1.612887 20I 8.37E-05: 0.002136 ! 0.0021261 55278.17 10527 9.261698
3i 3121 1.612887 20! 8.58E-05! 0.002046 I 0.0021251 55278.17 11038.25 9.309121
41 3121 1.612887 201 0.00011 0.0022871 0.0021181 55278.17 12240.45 9.412502
51 363! 1.386283 101 0.000137! 0.0008861 0.001986i 75345.2 55069.75 10.91636
6! 3631 1.386283 101 0.00014i 0.000949 ! 0.0019841 75345.2 54591.75 10.90764
71 3631 1.386283 1C 0.0001491 0.000913 ! 0.0019791 75345.2 59511.67 10.99393
81 363| 1.386283 101 0.000139 0.000898 0.0019841 75345.2 55743.85 10.92852
91 3341 1.506649 15! 9.61 E-05 0.001566 0.002068 ! 63918.94 19372.88 9.87183
101 334 1.506649 151 0.0001021 0.001363 0.002065! 63918.94 22175.17 10.00673
111 334 1.506649 151 9.89E-05I 0.001403i 0.002066I 63918.94 21086.45 9.956386
12| 334 1.506649 151 0.0001161 0.0012731 0.0020581 63918.94 26125.52 10.17067
131 334 1.506649 is l 0.000105 ! 0.0012651 0.0020631 63918.94 23555.03 10.06709
141 324 1.55315 15i 7.03E-05I 0.0010741 0.002104! 59984.98 15787.2 9.666954
15! 324 1.55315 15! 8.8E-05I 0.001385 ! 0.002095 59984.98 17486.91 9.768208
161 324 1.55315 151 7.29E-05I 0.001242! 0.0021031 59984.98 15238.88 9.631606
17| 3241 1.55315 151 8.01E-05I 0.00157 0.0020991 59984.98 14910.37 9.609812
18! 348! 1.446036 . 101 8.71E-05I 0.001014 0.002041 69437.83 29443.23 10.29022
191 348 1.446036 101 7.93E-05i 0.001029 0.002045 69437.83 26542.01 10.18648
20 348 1.446036 10 9.63E-05 0.001032 0.002035 69437.83 33008.31 10.40451
21 305 1.649904 20 6.94E-05 0.00196 0.002151 52567.51 8567.691 9.055753
22 305 1.649904 20 6.97E-05 0.002031 0.002151 52567.51 6449.813 9.0419
23 305 1.649904 20 8.99E-05 0.001564 0.00214 52567.51 12491.91 9.432837
24 305 1.649904 20 9.12E-05 0.001541 0.00214 52567.51 12763.59 9.454352
least Squares Arrhenius Calculations (Infkabs) vs. 1000/RT)
!
Format of chart
-6.355212 19.61743 slope intercept
0.33144 0.507428 slop std. Dev. intercept std. Dev.
0.943541 0.145819 r*2 | std. error in Y estimate
367.663 22 F statistic i degrees of freedom
i 7.81768 0.46779I repression sum squrs I residual sum squrs I
with permission of the copyright owner. Further reproduction prohibited without permission.
144
Table A2.3 Reactions of Benzyl Radical with Compound 17
Stock Solution 
DBK 1 .Oe-2 M
Compound 2: Group 1 (2.16e-3 M), Group 2 (1.00e-3 M), Group 3 (2.80e-3 M), and Group 4 (1.40e-3) 
Benzene
Density o f Benzene (g/ml) given by dens(T) = 1.194867 + (-1.066929E-03) * ( T deg K )
The density of benzene was also corrected for the volume loss due to vaporization.
1) The vapor pressure o f benzene was calculated :Log P= -{0.05223 a)/T + b
(P = vapor pressure o f benzene at temp. (T), a = 34172, and b = 7.9622 for T  = 0 - 42 deg C
(P = vapor pressure o f benzene at temp. (T), a = 32295, and b = 7.6546 for T  = 4 3 -1 0 0  deg C
Smoluchowski Expression for Benzyl Radical Self-termination in Benzene 
ln(2kt),cdc = 26.9413 - 2732.56 IRT
To calculate rate constents from this table
1) Select kt from calculated diffusion coefficents (Col K)
2) Calculate kabs =sqrt(kt)* [toluene]/(sqrt(bibenzyl]*sqrt(time, s)*[Donor avg]
Example: (3rd row) '
kabs =6.53e-5*49450/(sqrt(5.57e-5)*sqrt(5)*2.13e-3) = 90942.7 MA-1 s M
Notes:
Columns D, E, F, and G are the density corrected concentrations using benzene density ratios: 
conc(T) = conc(298 deg K) * (dens(T)/ dens(298 deg K)
Column F is the density corrected initial Donor concentration - the amount consumed given by [T]
[D] = in it[D ]-[T ]
Column G is the kabs values using calc diff coeffs 
Column K is the sqrt(kt) from calcd diff coeffs 
Column L is the avg(kabs) at temp T 
Column M is the natural log of kabs using calcd diff coeffs
Arrhenius Expression using Calcd Diff Coeff
ln(kabs/M M  s M )  = (18.882 +/- .076) - (4466.2 +/- 75.86)/RT 
kabs 25 deg C = 8.4 e4 M M  s M  : Ea = 4.466 kcal/m ol: log A = 8.199
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Table A2.3 Reactions of Compound 17 with benzyl radical ; .
I : ! ! , !
C o lum n- A B C D ;E F !G
Group 1 ! ! i
Entry Tem p K ; 1/RT time, sec ; m i  [BB] ,avg[D] avg(kabs)
1 j  297 I 0.001693 0 i 0| 0 i 0.002162 II
2 | 297i 0.001693 3 j 1.16E-05 I 1.19E-05 I 0.002157 ! 44654.76
3 1 297: 0.001693 5 i 6.53E-05! 5.57E-05 i 0.00213! 90942.71
4 297I 0.001693 7 ! 8.47E-05 8.39E-05; 0.002121 81550.53
5 i 297j 0.001693 10: 0.000122 9.78E-05 i 0.002102! 91613.83
6: 297; 0.001693 15 1 0.000175! 0.000143! 0.002075 i 90143.57
7 I 323 0.001558 0! 0 0 I 0.0021 i
8 ! 323 0.001558 3 2.13E-05 1.51 E-05 i 0.002089 | 90445
9 ! 323| 0.001558 5! 7.3E-05! 4.27E-05 | 0.002063 | 144398.3
10i 323 0.001558 7 0.000102 5.9E-05 i 0.002049 I 146005.8
11 i 323 0.001558 13 0.000181 9.32E-05! 0.002009 153926.3
12 ! 348 0.001446 0 I o 0 I 0.002044
13 I 348! 0.001446 I 3 5.72E-05 2.31 E-05 I 0.002015 236501.7
14 i 348 0.001446 5! 0.000104 4.47E-05 | 0.001992 242115
15! 348! 0.001446 '7 0.000135! 4.62E-05 0.001977 263011.4
16! 348! 0.001446! 10 0.000188 7.49E-05 0.00195! 244822.8
17 i 363 0.001386! Oi 0 0 0.002014
18 ! 363 0.001386 3 6.61 E-051 1.87E-05 0.001981! 335084.1
19 i 363 0.0013861 5 5.8E-05 2.11 E-05 0.001985 214221
20! 363 0.001386 7 0.000145 2.88E-05 0.001941 396646.2
21 363 0.001386! 101 0.000206 6.88E-05 0.001911 309746.8
22 363 0.001386 15 0.000162 4.99E-05 0.001933 230046
Group 2 ! i i I I! ■ I '
23 297 0.001693! 0 0 5.4E-07! 0.001003
24 297 0.001693 3 2.33E-05 4.79E-05 0.000991! 96970.32
25 297 0.001693 5 1.95E-05 4.6E-05 0.000993 63881.41
26 297 0.001693 10 8.62E-05 0.000122 0.00096 127161.9
27 297 0.001693 15 0.000136 0.000195 0.000935 132891
28 297 0.001693 20 0.000117 0.000161 0.000944 107746.9
29 323 0.001693 25 0.000148 0.000211 0.000929 108588.8
30 323 0.001558 0 0 0 0.000973
31 323 0.001558 3 3.57E-05 4.55E-05 0.000956 190656.1
32 323 0.001558 5 6.26E-05 7.35E-05 0.000942 206479.4
33 323 0.001558 10 0.000115 0.000129 0.000916 208262.1
34 323 0.001558 15 0.000221 0.000237 0.000863 255830.4
35 348 0.001446 0 0 4.14E-07 0.000946
36 348 0.001446 3 3.41 E-06 8.95E-06 0.000945 48363.01
37 348 0.001446 5 6.17E-05 5.47E-05 0.000914 283704.5
38 348 0.001446 7 0.000114 9.47E-05 0.000886 347571.3
39 348 0.001446 10 0.000231 0.000171 0.000825 469913.6
40 348 0.001446 15 0.000316 0.000269 0.000779 443864.3
41 363 0.001386 0 0 9.12E-08 0.000934
42 363 0.001386 3 4.2E-05 4.58E-05 0.000913 295961.7
43 363 0.001386 5 9.86E-05 8.14E-05 0.000884 416534.1
44 363 0.001386 7 0.000137 0.000105 0.000865 440240.5
45 363 0.001386 10 0.000307 0.000202 0.00078 660770.3
46 297 0.001694 0 0 0 0.002807
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Table A2.3 Cont. i
; I
C o lum n- A B C !D E F !G
. ;
47 297 ; 0.001694! 5 ; 3.82E-05; 2.58E-05; 0.002788! 59642.2
481 297 0.001694 I 10! 7.28E-05 I 4.41 E-05 i 0.002771! 61894.89
49 297 ' 0.001694 i 15! 0.00011 ! 6.46E-05 I 0.002752 ! 63345.67
50 297 ; 0.001694 i 201 0.000165 ; 9.2E-05 I 0.002725! 69790.98< i
: - 1 !
Group 3 i
51 297' 0.001694! 30 ! 0.00023' 0.000132! 0.002692 ! 67179.57
52 323 0.001558 i 0 0 0i 0.002725 I
53 323 i 0.001558 i 3 ! 2.93E-05 i 1.46E-05I 0.002711 I 97440.45
54 323! 0.001558 i • 5 ! 5.06E-05 ! 2.57E-05; 0.0027 98449.13
55 323; 0.001558! 7 ! 8.61 E-051 3.65E-05 i 0.002682 119708.5
56 i 323 0.001558 I 10j 0.000116 I 4.87E-05 0.002667 117803.2
57! 347 0.00145 I 0 ! 0 ! 0 0.002653
58; 347 0.00145 3! 4.38E-05! 1.12E-05 0.002631 198382.9
59; 347 0.00145! 5 ; 6.8E-05 I 2.3E-05 ! 0.002619 ! 167235.4
60 ! 347 0.00145 ; 7: 8.13E-05 I 1.12E-05 i 0.002613 I 242167.2
61 347 0.00145! 10 ! 0.000129: 4.04E-05 I 0.002589 | 170525.9
62 i 347 0.00145! 15, 0.000163; 4.3E-05! 0.002571 I 172757.6
63 363 0.001386 0 i 0! 0 ! 0.002614 I
64; 363I 0.001386i 3 3.6E-05 i 6.24E-06! 0.002595! 241780.3
65 3631 0.001386! 5! 3.9E-05 ! 4.81 E-06! 0.002593 23112.5.9
66; 363 0.001386! 7 7.15E-05; 7.4E-06! 0.002576! 290400.1
67! 363 0.001386 10 7.31 E-05 9.56E-06 0.002575 218779.2
68 363 0.001386! 15! 0.000146! 1.66E-05! 0.002536! 274823.7
69 363 0.001386 20 0.000222 2.34E-05 0.002495! 310033
: ' i i i i i
j  j I i
Group 4 | i  i
70 297 0.001694 0 0 0 0.001404
71 297 0.001694 5 3.62E-05! 5.79E-05 0.001385 75967.57
72 297 0.001694 10 8.31 E-05 0.000111 0.001362 90412.83
73 i 297 0.001694 15 0.00011 0.00016 0.001349 82089.74
74 297 0.001694 25 0.000196 0.000268 0.001306 90701.35
75 297 0.001694 30 0.000255 0.00035 0.001276 96396.6
76 323 0.001558 0 0 0 J 0.001363
77 323 0.001558 3 3.42E-05 3.66E-05 0.001346 144555.2
78 323 0.001558 5 6.66E-05 6E-05 0.001329 172258.8
79 323 0.001558 10 0.000121 0.000124 0.001302 157532.5
80 323 0.001558 15 0.000201 0.000211 0.001262 168838.8
81 347 0.00145 0 0 0 0.001328
82 347 0.00145 3 3.66 E-05 1.46 E-05 0.00131 291962.5
83 347 0.00145 5 4.01 E-05 3.58E-05 0.001308 158182.1
84 3471 0.00145 10 9.19E-05 7.61 E-05 0.001282 179400.8
85 347 0.00145 15 0.000213 0.00017 0.001221 238423
86 363 0.001386 0 0 0 0.001307 339472.5
87 363 0.001386 3 4.26E-05 2.12E-05 0.001286 313028
88 363 0.001386 5 6.35E-05 3.25E-05 0.001275 294274.2
89 363 0.001386 7 0.000112 5.39E-05 0.001251 346536.3
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Table A2.3 Cont. I
C o lum n- A  B |C D .E F G
, i ! !
: i !
90 363 0.001386| 10 0.000162: 8.25E-05! 0.001226! 347298.1
91 363 0.001386! 13 0.0001931 8.32E-05! 0.001211 366031.3
92 363! 0.001386! 15! 0.000178! 8.01E-05! 0.0012181 317914
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Table A2.3 cont
i !
Column I J K L M N
Group 1
Entry •1/RT 1000/RT sqrt(kt)cdc kabs •In(kabs) 2(init[D])
1 : 0.001693 ! 1.693 , 49450.13: 79781.08 ! 11.28704; 0.002162,
2,' 0.001558: 1.558* 59590.681 133693.8; 11.80331 0.0021:
3 : 0.001446 1.446 69437.83 246612.7 : 12.41557 0.002044!
4 ; 0.001386 1.386! 75345.2 ; 297148.8! 12.60199 ! 0.002014;
Group 2 ! '
5 0.001693 1.693 i 49450.13 106206.7! 11.57314! 0.00103 11
6 0.001558, 1.558 59590.68 215307 12.27982 ; 0.000973 11
7! 0.001446 ! 1.446: 69437.83! 318683.3! 12.67195 | 0.000946 1
8 i 0.001386 1.386 ! 75345.2! 453376.6 I 13.02448 ! 0.000934 11
Group 3 | ■ : !
9 ! 0.001693 1.693 i 49450.13; 64370.66! 11.07241 I 0.002807 t
10 I 0.001558! 1.558! 59590.68 I 108350.3 | 11.59312 | 0.002725 1
11 ! 0.00145 ! 1.45! 69042.7; 190213.8! 12.1559 | 0.002653 1
12 0.001386; 1.386! 75345.2 i 261157.1 ! 12.47288! 0.002614;
Group 4 ! ! i
13: 0.001693 1.693! 49450.13! 87113.62! 11.37497 ! 0.001404!
14; 0.001558 1.558 59590.68 , 160796.3 ! 11.98789 I 0.001363 1i
15 0.00145 ! 1.45 69042.7 ! 216992.11 12.28762! 0.001328 I
16 0.001386 ! 1.386 75345.2 330847 ! 12.709411 0.001307;
i | : ' ' : :
Group 3 correction '
0.001446 1.4461 12.17144 i
Group 4 correction ' i
0.001446 1.446 12.403521 !
1 • 1 1 ! 1 : ;  1 1 ; ! !
Least Squares Arrhenius Calculations (In(kabs) vs. 1000/RT i
Group 1 Group 2 Format of charts I
-4.421603 18.75113 -4.586994 19.363021 slope intercept |
0.265967 0.405666 0.276015 0.4209921 slope std dev intercept std dev
0.992816 0.062263 0.99281 0.064615 r A2 std error y estimate
276.3776 2 276.1785 2 F statistic | degrees of freedom
1.071425 0.007753 1.153078 0.00835 regression sum sqrs residual sum sqrs
I
Group 3 Group 4
-4.592265 18.81186 -4.139211 18.38882
0.235544 0.359487 0.378314 0.577382
0.994766 0.054845 0.983567 0.088089 i
380.1096 2 119.7097 2 |
1.143372 0.006016 0.928899 0.015519; j
I |
Average kabs Values at Each Temp 25deg C Average Least Squares Arrhenius Calc.
50deg C, 75deg C, and 100C
1 1000/RT In(kabs) | -4.466168 18.88211
I 1.693 11.32689! 0.049737 0.075861
|  1.558 11.916041 0.999752 0.011643
|  1.446 12.41562 8063.291 2
I 1.386 12.70219 1.093131 0.000271
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i 1 : i
: : i
: - ‘
Generated Arrhenius Expression Using Avg Slope and Avg Intercept (Groups 1-4)
: ; I i ;
ry=-4.4350x + 18.8287 i i I
; ; I ; |
! ' : !
;  . : t ;
1000/RT Groupl :G roup2 'Group 3 Group4 '
1.693' 11.287041 11.573141 11.07241! 11.37497! 11.3268915!
1.558 i 11.80331 i 12.2933! 11.59312! 11.987891 11.9160365!
1.45! i I 12.15591 12.28761 i
1.446i 12.41557 i 12.67195, i 12.41562191
: 1.386! 12.601991 13.02448! 12.47288! 12.7094 12.70218891
; I ' ■  i ! i
i i I i
: i ; i
! ! ! I
• ( i !
' i  • 1 !
: i i ! I
tl ! ! J i
i ! 1 ;
,  j I 1 I 1
; ! i ! i
: : t ! i !
! i
i 1
1 I i
1 !
ii 1
1
i
J
i
!
i
I
i
1
I ! I
1 i
i
i
i
it
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